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ABSTRACT: In the 1930s, 1940s, and 1950s, the U.S. Army Engineer Waterways Experiment Station
(WES) conducted several series of studies to investigate the effects of distortion, differing horizontal and
vertical scales, on physical model results. This report presents the portion of those investigations con-
ducted from 1954 to 1961. The results had not been previously published; however, the two WES
researchers, the late Messrs. John J. Franco and the late James E. (Ed) Glover, had prepared various
unpublished documents of these investigations. Therefore, this report is a compilation of those writings
and supporting data, as well as this author’s conclusions and applicability of the effects of distortion
investigations to physical, movable-bed models using lightweight bed materials.

The investigations conducted by Franco and Glover involved two specific series of tests. Those series

WEre:

a.

Plan A, Series 1. These tests were conducted using distortions of 0, 2, 4, 6, 8, and 10. The hori-
zontal scale used was 1:200 with subsequent vertical scales of 1:200, 1:100, 1:50, 1:33.33, 1:25,
and 1:20, respectively. The tests were conducted following the Froude criteria to determine the
appropriate velocity and discharge scales for these tests.

Plan A, Series 2. These tests were conducted using distortion ratios of 0, 2, 3, and 4. The horizon-
tal scale used was 1:400. This series of tests was conducted somewhat different than Series 1,
with the velocity held constant at the 0-distortion value and the depth varied from the 0-distortion
to the 4-distortion value. The depth was then held at the 4-distortion value and the velocity varied
from the 0-distortion to the 4-distortion value. Some of these tests were conducted with the
Froudian scale relationships not followed to isolate either velocity or depth of flow impacts.

The results of the two series of tests conducted by Franco and Glover indicate that:

a.

Based on the Series 1 tests, the effects of distortion on the results of models of a straight reach are
negligible unless the flow is affected by a bend upstream.

Based on the Series 1 tests, flow around bends is affected by model distortion, and the effect
extends for a considerable distance downstream depending upon the amount of distortion.

Based on the Series 1 tests, the current directions in models with distortions of 4 and higher and
with curvilinear flow is affected to the degree that the influence extends to the downstream model
limits.

Based on the Series 2 tests, the currents in a bend would be deflected toward the concave side of
the channel as the linear-scale distortion is increased. The effect of distortion was generally
progressive up to a point where the alignment of the currents was affected or controlled by the
wall along the concave side of the bend. When this point was reached, increasing the distortion
appeared to have little effect on the alignment of the currents.

Based on the Series 2 tests, with the same channel roughness, the factors varied as the model was
distorted were velocity and depth. The test results with constant depth and with constant velocity
indicated that changes in the width-depth ratio of the channel was the principal cause of the devi-
ation in the alignment of currents in a bend.

Based on the Series 2 tests, increasing the roughness of the model channel as the distortion was
increased would tend to reduce the effect of distortion. These results also tended to indicate that
use of surface roughness sufficient to entirely overcome the effect of distortion would be
impracticable.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.
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Conversion Factors,
Non-Sl to Sl Units of
Measurements

Non-SI units of measurements used in this report can be converted to SI units
as follows:

Multiply By To Obtain
cubic feet 0.02831685 cubic meters
feet 0.3048 meters
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Preface

Mr. Thomas J. Pokrefke, Jr. (retired), former Deputy Chief of Staff of the
Coastal and Hydraulics Laboratory (CHL), prepared this report working in an
emeritus position with the U.S. Engineer Research and Development Center
(ERDC) at the Waterways Experiment Station (WES). Preparation of the report
was accomplished under the direction of Mr. Thomas W. Richardson, Director,
CHL, and the general supervision of Dr. William D. Martin, Deputy Director,
CHL. The draft of this report was reviewed by Dr. Stephen Maynord, research
hydraulic engineer, CHL, who provided helpful comments.

This report was actually a compilation of various writings of two former
WES researchers, the late Messrs. John J. Franco and the late James E. (Ed)
Glover, both retired Waterways Division chiefs. The study on the effects of
model distortion were conducted over the period of study, 1954 to 1961, and this
report is a compilation and organization of various unpublished reports, written
status reports, notes, and internal reports of these investigations.

It was an honor for this author to compile the writings and data that Franco
and Glover presented so many years ago. It is almost fitting that Mr. Franco, at
the age of 95, passed away as this report was being completed. Perhaps it will be
a legacy for Franco and Glover that their research lives on and has been brought
to closure by this effort.

At the time of publication of this report, COL James R. Rowan, EN, was
Commander and Executive Director of ERDC. Dr. James R. Houston was
Director.



Chapter 1

1 Introduction

Background
First tests

In the 1930s, the U.S. Army Engineer Waterways Experiment Station
(WES)' conducted a series of physical model tests to investigate the effect of
model distortion on model results. Those tests included: (a) the effect of
distortion on the content and distribution of kinetic energy in model streams,

(b) the effect of distortion on the distribution of velocity in a model stream cross
section, and (c) the effect of geometric and slope distortion on distribution of
energy and tractive force in stream cross sections. The results of those studies
were reported in three reports (USAEWES 1935a, 1935b, and 1936).

While these tests were truly state-of-the-art investigations concerning the
effects of model distortion on the parameters addressed, the results lacked
general application due to the fact that the researchers used site-specific models
of particular river reaches. Therefore, there continued to be a need to conduct
research on the effects of model distortion that would be generally applicable to
physical modeling.

Second tests

In the late 1940s, WES initiated a study for the Office Chief of Engineers
(OCE) to investigate the effects of distortion on hydraulic elements in physical
models. The first phase of these investigations involved experiments using a
triangular-flume. Establishment of the testing methodology was initiated at the
First Conference with Hydraulic Consultants on Effects of Model Distortion on
Hydraulic Elements (USAEWES 1949). In that conference, Dr. Lorenz G.
Straub, St. Anthony Falls Hydraulic Laboratory, suggested that these first tests be
conducted using a triangular instead of a rectangular channel. The study pro-
gressed from that point, and the consultants, including Dr. Straub; Dr. Boris A.
Bakhmeteff, Columbia University; Dr. Hunter Rouse, State University of lowa;
and Dr. Arthur T. Ippen, Massachusetts Institute of Technology, met two addi-
tional times in 1950 (USAEWES 1950a and USAEWES 1950Db) to discuss this

' Later realigned to become part of the U.S. Army Engineer Research and Development Center
(ERDC).
2 Later referred to as Headquarters, U.S. Army Corps of Engineers (HQUSACE).
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research with the WES staff in the Hydraulics Division (HD)'. The results of the
triangular-flume tests were presented in a report WES published in 1957
(USAEWES 1957).

It should be noted that some preliminary exploratory tests were conducted for
the triangular-flume study using a small rectangular flume 0.5 ft wide” and 8.0 ft
long. Due to difficulties resulting from the short flume length and steep slope,
another flume, 15 ft long, was constructed. As presented in USAEWES (1957),
the results from these tests were not included in the report since small differences
between model and prototype “...were completely obscured by discrepancies in
the measured test data; the smallness of the test apparatus rendered fine measure-
ments impractical, produced undue entrance and exit effects, and possibly intro-
duced significant scale effects.”

In the “Conclusions” section of USAEWES (1957), the following was
presented:

“Continuation of studies of this type should permit tabulation of certain
parameters which would establish limits and effects of distortion for
various types of models, but the field would have to be explored much
more extensively before such parameters could be determined. A critical
review of the benefits that might be derived from verses the costs and
time involved in carrying the idealized studies of the first phase to
completion indicates the desirability of discontinuing this phase, for the
time being at least, in favor of a more direct and practical approach to the
study effects of model distortion. Accordingly, future phases of this
investigation will deal more directly with practical specific aspects of
problems in this field.”

Therefore, no additional tests were ever conducted using the triangular-flume
to investigate the effects of model distortion. However, additional testing referred
to herein as the Third Tests were initiated in 1954.

Third tests

In 1953, OCE authorized HD at WES to conduct a “Civil Works Investi-
gation” addressing the effects of physical model distortion. The specific purpose
of these investigations was to determine the effect of distortion on model results,
the degree of distortion permissible in modeling streams of various character-
istics for the study of various hydraulic problems, the best and most economical
method of adjusting/calibrating distorted models having different hydraulic
characteristics, and to obtain data which may be useful in the interpretation of
model results. Two HD researchers, the late John J. Franco (retired Waterways
Division chief) and the late James E. (Ed) Glover (retired Waterways Division
chief), were the principal investigators on this study. Over the period of study,
1954 to 1961, Messrs. Franco and Glover prepared various unpublished, written

Later HD was established as the Hydraulics Laboratory, which was eventually combined with
the Coastal Engineering Research Center (CERC) to become the Coastal and Hydraulics
Laboratory (CHL).

2 A table of factors for converting non-SI units of measurement to SI units is presented on page v.
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Chapter 1

status reports, notes, and internal reports of this series of investigations; however,
to the best of this author’s knowledge, none of the results were ever published as
a WES or similar report. Therefore, it was this author’s intention to compile the
various writings from Franco and Glover as a report of their investigations of the
Third Tests.

Throughout the report, and whenever possible, Franco or Glover will be
given credit for specific points. It should be noted that this author has no input to
the report until the final section of the report designated as “Epilog.” It is this
author’s intention to present the data and results exactly as Franco and Glover did
in the various documents reviewed and compiled for the report. Therefore, the
thoughts, ideas, and conclusions are strictly from those two researchers. Also, all
photographs and data plates included in this report are essentially as Franco and
Glover had prepared them in the original documents. Most of the photographs
and plates were simply scanned and reprinted; however, a few plates were only in
draft form, so those plates were finalized trying to maintain consistency with the
completed plates. It is this author’s opinion that after almost 50 years of this data
and study results going unpublished and unavailable for technical review and
comment, the information included herein was worthy of the time and effort to
compile and report these results on the effects of model distortion.

Until the “Epilog” section, the data, analysis, and results presented are those
of Franco and Glover. Virtually all the words presented were written by one of
those two; therefore, this author will not use quotation marks to indicate exact
quotation, since in effect the entire report (up to the “Epilog” section) will be
direct quotes from the various documents. However, where specific statements
are made that are directly attributed to either Franco or Glover, they will be
acknowledged as the originator.

One hydraulic parameter that was not addressed by Franco and Glover was
Froude numbers for the various tests. Various tests were conducted with Froude
number equal to the prototype, while others were conducted with Froude num-
bers greater or less than the prototype. Consideration of Froude number is
presented in the “Epilog” section. If the reader is interested in the Froude number
of the prototype or any specific test, see Table 6 in the “Epilog” section for those
computed values. Also, when specific tests that Franco and Glover conducted are
presented, the Froude number(s) for those tests will be stated in the title using
parenthesis as being constant or varying as they relate to the prototype value.

Authorization and Funding

As general interest and an effort to have this report as complete of a compila-
tion of these investigations on the effects of distortion as possible, this author was
able to locate various funding and authorization documents. The information
compiled from that effort is provided as follows:

a. Study was authorized by the Chief of Engineers in a letter dated 31 July
1953.

Introduction



b. Project plan was submitted to the Chief of Engineers in a letter dated
11 January 1954, subject: “Civil Works Investigations — Transmittal of
Project Plan for CW 809.”

¢. Study was approved in the first indorsement thereto dated 26 January
1954.

d. Funding: for FY55 - $20,000; FY56 - $49,000; FY58 - $13,008; FY59 -
$10,000; and FY60 - $7,500. Total study funding covering 6 fiscal years
of $98,508.

Chapter 1 Introduction



Chapter 2

2 Testing Program for Effects
of Distortion

Initial Testing Program

As originally conceived and proposed to OCE, the testing program to
investigate the effects of distortion of physical models was divided into three

phases.

a. Phase 1 was conceived to determine the effects of distortion on surface,
middepth, and bottom currents. This phase was to study various plans
with various controlled conditions.

(1) Plan A, Series 1 was to address distortions of 0, 2, 4, 6, 8, and 10
with varying water-surface slopes using Froudian discharge scales
and a constant channel roughness.

(2) Plan A, Series 2 was conducted for distortions of 0, 2, 3, and 4.
Tests with this plan and series included the following.

(a)

(b)
(©)

(d)

(e)
)

(2

Tests using Froudian velocity scales and constant roughness
with a Manning’s n of 0.012.

A test with the velocity scale and roughness constant.

A test with the depth constant at the 4-distortion value,
roughness constant at 0.012, and the velocity scale varied.

A test with the depth and roughness constant and a varying
velocity scale.

Tests using the Froudian velocity and a roughness of 0.025.

A test with the velocity scale constant at the 0-distortion value
and roughness constant at 0.025.

A test with the depth constant at the 4-distortion value, velocity
scale varied, and a constant roughness of 0.025.

(3) Plan B was proposed to investigate varying channel bed slopes
using the Froudian discharge scale and constant roughness. The
tests for this plan were never conducted.

(4) Plan C was proposed to investigate varying the discharge scale to
provide correct water-surface slope with a constant roughness. The

Testing Program for Effects of Distortion



tests for this plan were never conducted.

(5) Plan D was proposed to be conducted using Froudian discharge
scales and slope with different roughness. Tests for this plan were
not conducted, although some of the tests conducted in Plan A,
Series 2, may be similar to this plan.

(6) Plans E and F were to be conducted for different shaped channels,
trapezoidal channel and navigation channel, but these plans were not
tested.

b. Phase 2 was conceived to investigate the effect of various stream charac-
teristics: different radii of curvature; different width-depth ratios; and
other characteristics such as velocity, slope, and roughness. None of the
tests proposed for Phase 2 were conducted.

c. Phase 3 was proposed to investigate the effects of distortion on movable-
beds. These tests were to be conducted with a 5-ft-wide and 2.5-ft-wide
flume with the possibility of adding additional tests in a wider facility (to
be constructed) for testing greater width-depth ratios and bends with
different radii of curvature. Based on information in various files, the
5-ft-wide tests were conducted, although the data from those tests could
not be located, and the research was terminated before the flume could
be modified and the 2.5-ft-wide tests conducted.

Modified Testing Program

Apparently, as flume design and construction and initial testing progressed,
Franco and Glover modified the original testing program. After extensive
research and efforts in locating study data and results, this author concluded that
plans actually studied were very limited. However, the data and analysis for the
tests that were completed are thorough and extensive. As already noted, the
following tests were not conducted or were not completed:

a. Phase 1, Plan B.
b. Phase 1, Plan C.

c. Phase 1, Plan D.

d. Phase 1, Plans E and F.
e. Phase 2.

/. Phase 3 was initiated, but only half completed; therefore, no analysis can
be made. Additionally, following an exhaustive search, the data for the
completed tests could not be located.

Franco and Glover presented the results of the Plan A, Series 1 and 2 tests in
the various documents; therefore, the modified testing program is composed
strictly of those tests.

Chapter 2  Testing Program for Effects of Distortion



3 Study Scope, Purpose, and
Test Facility

Study Scope

The study of the effects of distortion involved the investigation of the effects
of model scale distortion upon discharge distribution, flow paths, velocity distri-
bution, and other hydraulic characteristics by conducting tests in a model of a
simple, hypothetical stream.

Study Purpose

The purpose of this investigation was to determine the effect of distortion on
model results or similitude of models, the degree of distortion permissible in
modeling streams of various characteristics for the study of various hydraulic
problems, the best and most economical method of adjusting/calibrating distorted
models having different hydraulic characteristics, and to obtain data which may
be useful in the interpretation of model results. The purpose of conducting fixed-
bed tests was to provide a basis for establishing definite trends by selecting a
hypothetical prototype having characteristics which, when reduced to reasonable
scale ratios, are measurable within the accuracy limitations of the available
laboratory equipment.

Definition
Franco defined distortion in this way.

Model distortion is defined as any variation in the physical geometric
shape or slope of a model from the true geometry of its prototype.
Several different types of distortion are employed in hydraulic models,
depending in each case on the nature of the phenomena involved in the
investigation and the kind, size, and purpose of the model. The most
common type is the simple geometric distortion produced by construc-
ting a model to two different linear scales, one for the horizontal dimen-
sions (length and width) and one for the vertical dimensions (depth).
Another distortion occasionally employed is produced by using three
different linear scales for length, width, and depth. In other cases, models

Chapter 3  Study Scope, Purpose, and Test Facility



constructed to only one scale for all linear dimensions are given a slope
distortion to either increase or decrease the natural slope, depending on
the particular need to be satisfied. It is also necessary in certain instances
to apply to models already geometrically distorted additional distortion
of the slope scale to achieve the desired purposes. In certain types of
models, no distortion whatever is permissible.

Test Facility

The investigations of model distortion was conducted in a flume 95.7 ft long
having a rectangular cross section 3 ft deep and 5 ft wide with a 90-deg bend
having a radius of 10 ft (Plate 1). For all tests, the entire flume width was utilized
and the depth was varied based on the specific degree of distortion being investi-
gated for that test. The bend started about 23 percent and ended about 42 percent
of the way down the flume. The invert slope of the flume was constructed with a
slope of 0.000256. The flume was designed to permit the modeling of the
selected hypothetical stream to a horizontal scale of 1 to 200, model-to-
prototype, and variable vertical scale to produce distortions from 0 to 10.
Distortion was accomplished in the flume by increasing the depth and velocity
according to the Froudian relationships. It should be noted that the stations
identified in Plate 1 and referenced in the study results are 100-ft stations along
the center line and referred to the prototype, hypothetical stream.

Velocities were measured with a miniature cup-type velocity meter designed
and constructed at WES for depths less than 0.5 ft, and a commercial type Gurley
pigmey meter for depths greater than 0.5 ft. The range that model velocities
could be measured in the flume was 0.1 to 7.0 fps. Surface currents were deter-
mined by tracing the path of a cylindrical float 0.05 ft in diameter with its length
varied so as to always be submerged 6 ft (prototype) at the same proportion,
depending on the degree of distortion under study, of the total water depth. A
one-half ft (100-ft prototype) grid was used to track flow paths. Middepth current
directions were obtained by tracing the paths of cross vanes suspended in the
model. The vanes were 0.1-ft wide with their length varied with distortion equal
to 20 percent of the water depth, which meant that a 10-ft (prototype) middepth
segment of water was secured with each distortion. The vanes were suspended
from a spherical float that was submerged to a depth that would provide a
projected area normal to the direction of flow of 20 percent of the projected vane
area. Bottom current directions were obtained by tracing the path of a small disk
having a specific gravity slightly greater than water.

Franco and Glover found that the paths of successive current direction indi-
cators crossed in many cases since currents were never steady but were continu-
ally switching back and forth. By taking the average of several indicators started
at the same point and filling in gaps occurring between current direction lines
with supplementary data, current trends became apparent even though current
lines crossed in many cases.

Water was supplied to the flume from a comprehensive circulating system

and was measured with venturi meters. Three venturi meters, including an 8” by
4”,12” by 6”, and 20” by 107, were used to obtain the wide range of discharges
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required for the testing. The total inflow capacity using these venturi meters was
30 cfs. Water was introduced into the headbay through a slotted pipe and dis-
charged into the flume through a brick, baffle wall. Water-surface elevations
were controlled by a slide-type tailgate, 5 ft wide at the downstream end of the
flume. Water-surface elevations were measured by means of piezometers located
along the center line and one-quarter and three-quarter points of the flume width.
These piezometers were run to a central gage pit located in the facility. The
flume was enclosed in a temporary shelter to eliminate the effects of weather
conditions on the study results.

Hypothetical Prototype Stream

In order to have a basis for comparing the effects of the different degrees of
distortion, physical characteristics of a hypothetical, prototype stream were
chosen to use as a reference. Those characteristics were as follows:

a. Cross section: rectangular

b. Channel width: 1,000 ft
Channel depth: 50 ft

i

d. Average velocity: 10.0 ft/sec
e. Channel layout:
(1) 4,000 ft upstream of the bend
(2) 12,000 ft downstream of the bend
(3) 90-deg bend with a 2,000-ft radius
/- Roughness (Manning’s n): 0.03
2. Slope of the water surface and channel bed: 0.000256

Scale Relationships

Franco and Glover used the accepted and standard Froudian scale
relationships for physical modeling. The scale relationships used for this study
are presented in Table 1.

Table 1
Froude-Number Scale Relationships
Undistorted Model Distorted Model
Length, horizontal L L
Length, vertical L, Y,
Area, horizontal (LY (L)
Area, vertical (LY LY,
Time (L)™ (LY(Y)'™
Velocity (L)"” (Y)"
Discharge (L)" (LYY
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Test Procedures

Test conditions were set up in the flume for each distortion in accordance
with the Froudian scale relations presented in Table 2, and flow was permitted to
stabilize before any data were taken. Data obtained during these tests consisted of
the following:

a. Piezometer readings at the locations shown in Plate 1.

b. Photographs showing the paths of confetti upstream and downstream.

c. Surface, middepth, and bottom current directions.

d. Velocity cross sections at selected stations along the flume.

Table 2
Scale Relations for Plan A, Series 1 Tests
Distortion Horizontal Scale Vertical Scale Velocity Scale Discharge Scale
0 1:200 1:200 1:14.14 1:565,685
2 1:200 1:100 1:10.00 1:200,000
4 1:200 1:50 1:7.07 1:70,711
6 1:200 1:33.33 1:5.77 1:38,484
8 1:200 1:25 1:5.00 1:25,000
10 1:200 1:20 1:4.47 1:17,889
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4 Test Results

Plan A, Series 1 (Constant Froude Number)

The first series of tests were conducted with models of various scale
distortions (see Table 2) adjusted to conform to the Froudian relationship for
discharge and velocity with the same channel roughness used for each model.
The roughness selected for those tests was that required for similarity in the
undistorted model, which corresponded to a Manning’s n value of 0.012.
Adjustments of the distorted models were accomplished by reducing the water-
surface slope so as to provide for the correct depth within the model bend. This
adjustment resulted in depths upstream of the bend slightly lower and depths
downstream slightly higher than that required for strict conformity with the
Froudian relationship. These tests were designed to determine the effects of
distortion in models in which the addition of artificial roughness is impractical
because of the nature of the problem being studied. A typical example of such a
model would be a movable-bed model.

Glover conducted this series of tests under the general supervision of Franco,
chief of the Waterways Branch, and Mr. E. P. Fortson, Jr., chief of the
Hydraulics Division. Glover was the principal investigator and responsible for
the study. Various technicians throughout the study assisted him; however, the
exact identification of those individuals could not be gleaned from the documents
available.

General

The results of the first series of Plan A tests are presented on Photos 1 to 8
and Plates 2 to 32 and are discussed in the following paragraphs.

Surface currents

Surface current directions are shown on Photos 1 to 8 and Plates 2 to 7.
Although the photographs show the movement of confetti, while the plates show
the path of a float submerged 6 ft, the general trends indicated by both were
generally the same. Surface currents were not affected appreciably by distortion
within the straight reach upstream of the bend. Within and downstream of the
bend, surface currents tended to move towards the left flume wall (looking
downstream) with this tendency increasing as the distortion increased. Photo 1
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and Plate 2 indicate the surface currents in the undistorted model to be generally
parallel to the sidewalls, except within the bend and a short distance downstream.
The effect of the bend on surface current directions extended farther downstream
as the distortion increased. This effect extended to about sta 92+00 for the
undistorted model (see Plate 2) to about sta 122+00 with a distortion of 2

(Plate 3), and to the downstream end (and probably below the end of the flume)
at sta 190+00 for distortions of 4 and higher (see Plates 4 to 7). Currents from the
right wall moved toward the left wall (across the center line) as far downstream
as sta 53+00, 84+00, 120+00, 150+00, 155+00, and 160+00 for distortions of 0,
2,4,6,8, and 10, respectively. Therefore, as the distortion increased, the flow
dynamics were such that the channel-crossing tendencies of the surface currents
moved farther and farther downstream.

The greatest change in surface current direction occurred between the 0- and
2-distortions. While the left flume wall impacted all tests, the wall effects and
limitation became evident with a distortion of 4, and became more pronounced
with the higher distortions. These tendencies can be seen clearly on the upper
half of Plate 8, which shows the comparative trends of the surface currents from
sta 71+41.6 at the downstream end of the bend to sta 130+00.

Bottom currents

In the various documents, Franco and Glover always addressed the bottom
currents immediately after the surface currents and then lastly, the middepth
currents. This was due to the fact that the difference in middepth current direc-
tions was not as great for the different distortions as the differences observed
between the surface and bottom currents.

Bottom current directions taken with the various distortions are shown in
Plates 9 to 14. These data show trends that are similar but opposite to those indi-
cated by the surface currents. Bottom currents in the straight reach upstream of
the bend were generally parallel to the flume walls and were not affected appre-
ciably by distortion. Bottom currents in the bend tended to move toward the right
wall, with the tendency increasing with the increase in distortion. Currents from
the left wall moved to the right wall only from as far downstream as sta 47+00 in
the undistorted model, and as far downstream as sta 56+00, 64+00, 68+00,
70400, and 84+00 for distortions of 2, 4, 6, 8, and 10, respectively. Therefore, as
the distortion increased, the bottom currents crossed the channel from left to right
farther downstream. It was noted during these tests that dye and plastic grains
(specific gravity of 1.05) introduced along the left wall upstream of the bend
would rise to the surface on the inside of the bend (near the right wall) with
models having distortions of 6 or greater. Although the tendency for currents to
move away from the left wall increased progressively with the distortion, the
distance the currents moved toward the right wall increased very little with
distortions above 2. This indicated that the flume wall began to affect bottom
currents above the 2-distortion. While the right flume wall somewhat impacted
all tests, the wall effects and limitation became evident with a distortion of 4, and
became more pronounced with the higher distortions. The lower portion of
Plate 8 shows this trend where the bottom current paths for distortions of 6 and
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greater are virtually identical starting at sta 110+00 and continuing downstream
from that point.

Middepth currents

Middepth current directions taken with the various distortions are shown in
Plates 15 to 20. These data show that there was some tendency for middepth
currents to move toward the left wall in the undistorted model, with the tendency
increasing as the distortion increased. Since surface currents were affected by
distortion in a similar manner, Franco and Glover felt that it was probable that
the floats that held the vanes used to measure middepth currents affected the
movement of the vanes to some extent.

Comparative data analysis — surface and bottom currents

At this point in the documentation, Franco and Glover made some
comparisons and analysis of the surface and bottom current data, presented in
Plates 2 to 7 and 9 to 14, respectively. Since they felt that the surface float used
in the data collection for those currents had influenced the middepth currents, the
analysis did not include those data.

Comparative data on surface and bottom current directions taken from one
point each at the downstream end of the bend (sta 71+41.6) are shown in Plate 8.
These data indicate progressive variations in current directions with increasing
distortion, with greater differences between models of the lower distortions than
between those of the higher distortions. However, the effects of distortion
extended progressively farther downstream from the bend as the distortion
increased, and comparative plates similar to those shown in Plate 8 for points
farther downstream would indicate lesser differences between models of the
lower distortions and greater difference of the higher distortions. A comparison
of the surface and bottom current directions for the same model, particularly
those of the higher distortions, indicate the presence of helical flow within and
downstream of the bend.

Velocity cross sections

Velocity cross sections obtained during this investigation are shown in
Plates 21 to 32. It should be noted that the velocities presented are prototype
velocities converted using measured values and the Froudian velocity relation-
ship. These results indicated the velocity distribution to be fairly uniform in the
straight reach upstream of the bend with the higher velocities moving toward the
right wall when the bend was reached. Through the bend, the higher velocities
were maintained along the right wall with no particularly prominent differences
between the various distortions except that velocities along the right wall were
increased slightly and those along the left wall decreased as the distortion
increased. A comparison of the velocity distribution for the various models
downstream of the bend indicated little significance in differences. At sta 76+00,
velocities tended to increase along the bottom and decrease along the right wall
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as the distortion increased. This tendency continued to about sta 90+00, below
which velocities tended to increase along the left wall and decrease along the
bottom and surface with increase in distortion.

In another version of the study results, Franco or Glover (it was impossible to
determine which) took the velocity cross-sectional data as presented in Plates 21
to 32 and rearranged that data by flume stations to get Plates 33 to 43 for sta
20+00, 40+00, 52+00, 56+00, 60+00, 64+00, 68+00, 71+41.6, 90+00, 130+00,
and 190+00, respectively. In the writings of Franco and Glover, only sta 52+00,
56+00, 60+00, 64+00, 68+00, and 71+41.6 (Plates 35 to 40) were used in their
analysis. The plates containing the other stations are provided here, but are used
by this author in discussions in the “Epilog” section. Referring to Plate 1, it
should be noted that the stations used by Franco and Glover are located in the
bend with sta 71+41.6 being the station at the downstream limits of the bend. The
analysis presented stated that no trends in velocity distribution could be estab-
lished in the cross sections until about sta 56+00 where a slower velocity along
the right wall developed as the distortion increased up to a distortion of 6 then
velocities increased slightly with distortions of 8 and 10 (see Plates 36 to 38).
This transition zone continued to sta 68+00 where the velocity along the right
wall definitely decreased as distortion increased (see Plate 39). From about sta
52+00 to the end of the bend at sta 71+41.6 there was a marked difference in
velocity distribution between distortions of 0, 2, and 4 and distortions of 6, 8, and
10 (see Plate 40). In the first three distortions, the velocity varied from approxi-
mately 10 fps at the right wall to 13 fps at about 150 ft from the wall. Velocities
above 13 fps extended from a minimum of approximately 15 ft from the flume
bottom to a maximum of 30 ft from the bottom. The second group of cross
sections (distortions 6, 8, and 10) had velocities along the right wall of only 5 fps,
which increased to 13 fps and 150 ft from the right wall. Velocities above 13 fps
extended from the water surface to within 10 ft of the flume bottom.

Plan A, Series 2

General

The first series of these investigations of model distortion involved a general
study to determine the effect of scale distortion on current alignment. Distortion
for the first series was obtained by varying the vertical scale, which in turn
affected depth (width-depth ratio) of the model channel and velocities. The
second series of the investigation included tests designed to determine the
relative effects of the two factors (depth and velocity) by varying each factor
separately. Additionally, this series of the investigation also included tests of the
effect of scale distortion with different channel roughness. The results of these
Series 2 tests are presented in Plates 44 to 53.

Modifications from Plan A, Series 1 tests
As discussed by Franco and Glover, relative to the surface currents, the left

flume wall affected the current patterns with a 4-distortion. Therefore, Glover
modified some of the assumptions made at the beginning of the Plan A, Series 1
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tests for the Series 2 tests. Glover thought that the flume sidewalls had an
appreciable effect on current trends for distortions greater than 2; therefore, the
assumed horizontal prototype dimensions were doubled for this test series
making a 0-distortion vertical and horizontal scale ratio of 1:400. This resulted in
a depth one-half as great as for the corresponding distortions in the first series of
tests and made it possible to obtain a greater range of distortion before the side-
walls of the flume had an appreciable effect. The increase in scale ratio and
resulting small O-distortion depth necessitated a change in the submergence of
the water-surface current direction floats from 12 percent to 20 percent of the
total water depth. No changes were made in the flume bottom slope or roughness
for the initiation of the Series 2 tests.

It was also determined in the first series of tests that both surface and bottom
current directions, although they were opposite in direction, indicated approxi-
mately the same progressive effort of distortion. Therefore, since surface current
directions were the easiest to obtain, they were used exclusively to indicate the
effects of distortion in the Series 2 tests. In order to facilitate the comparison of
the effect of different degrees of distortion, as well as reduce the voluminous data
required for complete surface current direction coverage, only the mean path of a
minimum of six floats were obtained for several starting points and were used to
indicate the effect of distortion.

Test conditions and procedures

In the first series of tests, the only variables involved to change distortion
from one ratio to another were velocity and depth. In order to evaluate the effect
of each of these variables, the second series of tests were conducted varying
velocity and depth separately. While the first series of tests included distortion
ratios from 0 to 10, the second series included distortion ratios 0 to 4. First the
velocity was held constant at the O-distortion value and the depth varied from the
0-distortion to the 4-distortion value. The depth was then held at the 4-distortion
value and the velocity varied from the 0O-distortion to the 4-distortion value. Scale
ratios used in determining depths and velocities were based on a 1:400 linear
ratio, undistorted model. The Series 2 tests with the specific test variables are
listed in Table 3. It should be noted that for the Plan A, Series 2 Tests 7 through
10, the Froudian scale relationships were not followed to isolate either velocity or
depth of flow impacts.

Table 3
Test Variables for Plan A, Series 2 Tests
Velocity Based on Depth Based on Flume Roughness
Test Number Distortion Factor Distortion Factor (Manning’s n)
1-3 varying varying 0.012
4-6 varying varying 0.025
7 constant’ varying 0.012
8 varying constant’® 0.012
9 varying constant® 0.025
10 constant’ varying 0.025

' Velocity held constant based on 0-distortion Froudian value.

2 Depth held constant based on 4-distortion Froudian value.
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Since the Series 2 tests involved different scales than the Series 1 tests, Table
4 presents the Froudian scale relationships for the various parameters used within
this series.

Table 4

Scale Relations for Plan A, Series 2 Tests

Distortion Horizontal Scale Vertical Scale Velocity Scale Discharge Scale
0 1:400 1:400 1:20 1:3,200,000

2 1:400 1:200 1:14.14 1:1,131,371

3 1:400 1:133.3 1:11.54 1:615,609

4 1:400 1:100 1:10.0 1:400,000

Plan A, Series 2, Tests 1 to 3 (Constant Froude number)

These tests show resulting paths for different starting positions and were
designed to provide basic data for use in comparing the effects of subsequent
tests. The Manning’s n roughness for these tests was 0.012. Results of these tests,
shown in Plates 44 through 46, indicated that floats started at the downstream end
of the bend (about sta 140+00 with the 1:400 horizontal scale) were deflected
toward the left wall, but the differences in the deflection from one distortion to
the next became progressively smaller as the distortion increased. These results,
along with the results of the Series 1 tests, indicated that the currents in the bend
would be deflected to the left (concave side of the channel) as the linear-scale
distortion increased and that the distortion effect was progressive to a point
where the alignment of the currents was affected or controlled by the wall on the
left. When this point was reached, increasing the distortion appeared to have little
effect on the alignment of the currents. Floats started in the middle of the bend
(about sta 110+00) and 200 ft (Plate 44) from the right wall were deflected
toward the left wall in much the same manner as those started at the downstream
end of the bend; whereas, floats started 400 and 600 ft (see Plates 45 and 46)
from the right wall behaved more like those started at the upstream end of the
bend. With a wider channel of the same alignment, it is probable that the deflec-
tion of the currents would be somewhat greater, particularly with currents started
near the upper end of the bend.

Plan A, Series 2, Test 7 — Effects of varying depth with constant
velocity scale (Varying Froude number)

Results of varying the depth while maintaining the velocity at the 0-distortion
value and a Manning’s n of 0.012 are shown in Plate 47. Accordingly, the depth
scale was changed to provide linear-scale distortions of 0 to 4 and width-depth
ratios of 1:40 to 1:10. Flow current trends from sta 140+00 near the downstream
end of the bend showed a progressive increase in deflection toward the left wall
with increase in depth similar to that obtained when the velocity scale and depth
were changed (compare Plate 47 with Plates 44 through 46). The difference in
deflection toward the left wall between the 0- and 4-distortion depths at
sta 280+00 were 1,200, 1,050, and 1,000 ft for floats started 200, 400, and
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600 ft from the right bank, respectively. This compares with deflections of 1,400,
1,050, and 1,100 ft at the same location between the 0- and 4-distortions of
velocity and depth. Therefore, changing the depth based on the distortion factor
(width-depth ratio) without changing the velocity scale produced only slight
differences when compared to distorting the velocity and the depth relative to the
distortion ratio.

Plan A, Series 2, Test 8 — Effects of varying velocity with constant
depth scale (Varying Froude number)

Results of varying the velocity while maintaining the 4-distortion depth in
the channel having a Manning’s n of 0,012 are shown in Plate 48. In this test, the
velocity scale varied from that required for a O-distortion to that required for a
16-distortion (based on the horizontal scale), which meant that the velocity scale
ranged from 1:20 to 1:5.0. The results indicated that changing the velocity scale
had little effect on the current alignment. Although the velocity was varied, only
small differences, with no apparent progression in current trends for the different
velocities, were obtained. The alignment of the currents for these tests was about
the same as that obtained with the 3-distortion in Tests 1 through 3 (compare
Plate 48 with the top sections of Plates 44 through 46 for the 4-distortion tests).
Glover concluded from this test that varying the velocity scale, as is often
required in movable-bed models to obtain bed movement, would have only a
small effect on current directions and flow distribution.

Effects of roughness on distortion effects

Up to this point all tests conducted in the distortion effects flume used a
Manning’s roughness of 0.012. The final portion of the Series 2 tests were
undertaken to determine the effect of roughness on the study results. According
to Glover, this corresponds to some studies such as movable-bed model studies in
which the bed material automatically determines the channel roughness. In order
to evaluate the effect of roughness on distortion effects in those types of models
in which control of the roughness is possible, the flume was lined with expanded-
metal on both sides and the bottom. With the expanded-metal installed in the
flume, the channel roughness essentially doubled to a Manning’s n of 0.025.
According to the Froudian relationship, if the roughness (as represented by
Manning’s n) of the flume is assumed correct for the 1:400 scale undistorted
model tests, the roughness of the flume with the expanded-metal installed would
be approximately correct for the 3-distortion. The flume slope was fixed
(0.000256); therefore, when the model water surface was adjusted to give the
proper depth in the bend, the error in the water depths were greater upstream and
downstream of the bend than was the case with the lower roughness values. The
reduced depth at the upstream and downstream ends of the model made it impos-
sible to obtain data for the O-distortion in this portion of the Plan A, Series 2
tests. Therefore, Tests 4 through 6, 9, and 10 were conducted the same as Tests 1
through 3, 8, and 7, respectively, except the roughness was increased to 0.025.

Plan A, Series 2, Tests 4 to 6 (Constant Froude number)
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As a result of the increase in roughness and limited depth, it was impractical
to conduct tests with the 0-distortion. However, the results of tests with distor-
tions of 2, 3, and 4, shown in Plates 49 to 51, indicated that the deflection of
surface currents to the left was about 300 to 400 ft (prototype) less than with the
lower channel roughness (compare Plates 44 to 46 with Plates 49 to 51). Accord-
ing to Franco and Glover, these results tended to indicate that increasing the
channel roughness could reduce the effects of distortion.

Plan A, Series 2, Test 10 — Effects of varying depth with constant
velocity scale (Varying Froude number)

This test was conducted with a constant velocity scale, same as for the
undistorted model, and the depth scale was changed to provide a distortion of the
linear scales of 2, 3, and 4. This test was the same as Test 7 (Plate 47) except that
the higher channel roughness was in place. The surface currents from this test,
shown in Plate 52, indicated that the results were generally the same as with the
lower channel roughness, except that the deviations in the currents between the
2- and 4-distortions were from 100 to 350 ft (prototype) less than with the lower
roughness (compare Plates 47 and 52). This continued to support the conclusion
that Glover determined from Plan A, Series 2, Tests 4 to 6 that increasing the
channel roughness could reduce the effects of distortion.

Plan A, Series 2, Test 9 — Effects of varying velocity with constant
depth scale (Varying Froude number)

This test was conducted with the depth scale maintained the same as with the
4-distortion and the velocity scale varied, based on the horizontal scale, from that
required for a O-distortion to that required for a distortion of 8. This test was
identical to Test 8 (Plate 48) except the higher channel roughness of 0.025
(instead of 0.012) was in place in the flume. The results of Test 9, shown in Plate
53, indicated that with the depth constant the alignment of the currents was not
affected appreciably by changes in the velocity scale from 1:20 to 1:7.07. These
results were generally the same as with the lower roughness (Test 8 in Plate 48),
except that the deflection of the currents to the left was about 500 ft (prototype)
less with the higher roughness.
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5 Analysis of Test Results

Discussion of Results

Franco noted that the investigation covered by this research was conducted
with models of a hypothetical stream and that no prototype data were available
for use in determining the accuracy of the model results. For the purpose of
evaluating the effects of distortion, it should be assumed, therefore, that the
results obtained from the undistorted model would be accurate reproductions of
similar results that would be obtained from a prototype having the characteristics
of the hypothetical stream. Franco considered this assumption to be reasonable
since the undistorted model was operated in accordance with the accepted laws of
similitude. However, because of the small vertical scale of the undistorted model
and the accuracy limitations of available equipment, Franco stated that the effects
of model distortion should be based upon general trends rather than upon small
differences in local measurements.

The Plan A, Series 1 tests were designed to provide information on the
effects of distortion in models in which roughness of the boundary cannot be
adjusted because of the nature of the problems involved. Models of this type are
movable-bed models in which the roughness is controlled to a large extent by the
grain size of the bed material used, and fixed-bed models in which the measure-
ment of bottom current directions and velocities are involved. For this series of
tests, the bed slope for all models was that required for the undistorted model,
which was the same as the hypothetical stream prototype slope. This resulted in a
maximum error in depth and average velocities for all models of about 0.5 per-
cent, which occurred at the downstream end of the test reach with the error
decreasing to zero as the bend was approached. Using the theoretical slope of a
distorted model adjusted in the same manner, the maximum error in depth and
velocities would have been about 5 percent, since the slope of the bed would
have been increased by an amount equal to the prototype slope times the amount
of distortion.

Conclusions

In general, the results of the Plan A, Series 1 tests indicated that model
distortion tends to affect the results of models of streams in which curvilinear
flow is involved. The effect of distortion is particularly noticeable on current
directions within and downstream of a bend. The following conclusions were
reached for the tests conducted for the Plan A, Series 1 and 2 tests:
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a. Based on the Series 1 tests, the effects of distortion on the results of
models of a straight reach are negligible unless the flow is affected by a
bend upstream.

b. Based on the Series 1 tests, flow around bends is affected by model
distortion, and the effect extends for a considerable distance downstream
depending upon the amount of distortion.

c. Based on the Series 1 tests, the current directions in models with
distortions of 4 and higher and with curvilinear flow is affected to the
degree that the influence extends to the downstream model limits.

d. Based on the Series 2 tests, the currents in a bend would be deflected
toward the concave side of the channel as the linear-scale distortion is
increased. The effect of distortion was generally progressive up to a point
where the alignment of the currents was affected or controlled by the
wall along the concave side of the bend. When this point was reached,
increasing the distortion appeared to have little effect on the alignment of
the currents.

e. Based on the Series 2 tests, with the same channel roughness, the factors
varied as the model was distorted were velocity and depth. The test
results with constant depth and with constant velocity indicated that
changes in the width-depth ratio of the channel was the principal cause of
the deviation in the alignment of currents in a bend.

/. Based on the Series 2 tests, increasing the roughness of the model
channel as the distortion was increased would tend to reduce the effect of
distortion. These results also tended to indicate that use of surface
roughness sufficient to entirely overcome the effect of distortion would
be impracticable.

It is worth noting at this point that one of the conclusions from the earlier
triangular-flume study of distortion effects (USAEWES 1957) was:

“Velocity profiles show that increasing the degree of distortion greatly
magnifies the intensity of secondary or transverse currents, thereby
affecting the similarity of velocity profiles. This may have an important
significance, especially where lateral diffusion of material is an object of
study with distorted channels.”

This is identical to a portion of conclusion d as it related to deflection of the
currents. The reader is reminded that the triangular-flume study was conducted in
a straight flume, so the researchers there also saw the impacts of increased distor-
tion on flow distribution and energy within the channel. As pointed out from the
triangular-flume study and can be interpreted from conclusion d, this magnifi-
cation of the secondary currents can influence the movement of bed material if a
movable-bed model study is conducted.

Theoretical Considerations

Franco considered the results and limitations of the effect of distortion study
and provided some theoretical considerations. Franco wrote in discussing the
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Series 1 tests that the investigation had not proceeded sufficiently to permit the
establishment of even general laws concerning the effects of distortion in models
of various types of streams. In the Plan A, Series 1 tests, the shape and dimen-
sions of the model stream in a horizontal plane, surface roughness (Manning’s n),
and bottom slope were the same for all models. Since the water-surface slope for
each model was the same as the bottom slope for all practical purposes (within
0.5 percent), the only variables between the models were the depth and velocity.
These tests, therefore, indicated that the effects of distortion is a function of one
or both of these factors, since the difference in the model results and the value of
these factors increased with the amount of distortion.

Research conducted by various experimenters (Franco did not specifically
identify the experimenters) indicate that helical or spiral flow in a bend is
generated by the superelevation of the water surface towards the outer wall in
conjunction with friction which greatly decelerates water flowing near the bed.
The fast moving surface flow forced against the outer wall by centrifugal force
creates a head along the wall (superelevation) which tends to force the slower
moving bottom currents toward the inner wall. Since superelevation is a function
of centrifugal force, proportional to the square of velocity, it increases directly
with distortion. In other words, the superelevation in a model having a distortion
of 2 will be twice that in the undistorted model. Also, introducing distortion in a
model changes the width-depth ratio of the model channel from that of the proto-
type or the undistorted model. This ratio is usually smaller since, for practical
considerations, the horizontal scale in a distorted model is generally made
smaller than the vertical scale. This change in width-depth ratio will tend to
increase the difference between the fast surface currents and the slow bottom
currents, making it easier for the latter currents to be moved toward the inner
wall.

Franco continued the consideration of the effects on distortion as it relates to
centrifugal force by addressing this issue directly. Since the differences in the
results obtained with the distorted models from those with the undistorted model
were noted only in the reach affected by curvilinear flow, it is believed that
centrifugal force should be considered as a possible factor in the analysis of the
effects of distortion on flow patterns. The basic formula for centrifugal force is:

F:WW
2R
where
= centrifugal force
W = weight
V' = velocity

g = gravity constant

R = radius of curve

Chapter 5  Analysis of Test Results

(1

21



22

The centrifugal force ratio, model-to-prototype, using the same fluid and the
same gravity constant becomes:
wy? B I*av*

r=

r

=Idv?

where
! = horizontal scale
d = vertical scale

For models operated in accordance with the Froudian relationship for
velocity, Equation 2 becomes:

f=1d" (distorted models)

and

f= d’ (undistorted models)

since v equals &” in an undistorted and distorted model and / equals d in an
undistorted model.

It can be seen from Equations 3 and 4 that centrifugal force was a variable in
the investigation completed since d and v were variables. The relationship of the
centrifugal forces for the various models used in the investigation for the Plan A,
Series 1 tests are shown in Table 5. The various horizontal and vertical scales
used on the Series 1 tests were presented in Table 3.

)

3)

“4)

Table 5
Centrifugal Force Ratios
Centrifugal Centrifugal
Distortion Force Scale Force Ratio
0 1/8,000,000 1
2 1/2,000,000 4
4 1/500,000 16
6 1/222,178 36
8 1/125,000 64
10 1/80,000 100

It can be seen from this table that centrifugal force increased with distortion
and that the centrifugal force of the 2-distortion model was 4 times that of the
undistorted model, while the centrifugal force in the 10-distortion model was
only about 1.5 times the centrifugal force in the 8-distortion model. Therefore, if
centrifugal force is the factor affecting the results of the various distorted model,
the difference in the results should increase progressively from that of the
undistorted model and the difference between the results obtained in the
undistorted and the 2-distortion models should be much greater than the differ-
ence between those obtained in 8- and 10-distortion models. The study results
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presented previously indicated this very trend (see Plate 14) and were reinforced
with the Plan A, Series 2 tests for distortions of 0 to 4 (see Plates 44 to 46).

Based on this analysis, Franco concluded that the probability that the centri-
fugal force for the models in Plan A, Series 1 should have been the same for
similarity of flow pattern. If such was the case, it would mean that similarity of
flow patterns between a distorted model and the prototype can be obtained by
making the centrifugal force in the distorted model equal to that which would be
obtained in an undistorted model having the same horizontal or linear scale

or ldv* =1 5)

This will usually require a reduction in the /dv* factor. Since the length and
depth are fixed by other considerations, the /d* factor can usually be reduced
more readily by a reduction in the velocity scale. The velocity scale would then
become

ldv =1
ror
or V2 = —
Id d
/
and V= W (6)
Using the same Equation 6 for undistorted models, we have
[ d 1/2
V:dl/zzwzd )

which is the Froudian relationship.

It should be noted that the velocity scale obtained from Equation 6 is based
upon the indicated requirement to obtain similarity in the flow patterns in a
horizontal plane between model and prototype. This does not obviate the require-
ment that distorted models be operated in accordance with the Froudian relation-
ship for velocity for the study of flow lines and the effects of changes on water-
surface elevations. However, it may be advisable to conduct studies in certain
distorted models based on two velocities scales, one for the study of flow lines
and the effects of improvements on gage heights, etc., and the other for the study
of current directions and velocity distribution.
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6 Epilog

This author worked directly for Mr. Glover for almost 20 years and with
Mr. Franco for 5 years, before he retired, and then another 15 years or so in his
consultant position to the Hydraulics Laboratory. Although, to the best of my
recollection, the effects of distortion tests were never specifically addressed in
conversations relative to physical modeling, it is apparent now that the
knowledge and results indicated from those tests were totally integrated into the
guidance and suggestions that both men gave concerning physical movable-bed
and fixed-bed models.

General Distortion Practice at WES

In 1978, Franco wrote a WES instruction report entitled “Guidelines for the
design, adjustment and operation of models for the study of river sedimentation
problems” (Franco 1978). In that report for the discussion of model distortion,
Franco wrote:

“Principal considerations in the design of movable-bed models should be
that the hydraulic forces developed be sufficient to move the material
forming the channel bed in simulation of the sediment movement in the
prototype and that the model be capable of defining the problem. The
horizontal scales that would result in a practical size model based on
operation, space, and cost are usually too small to provide the hydraulic
forces sufficient to move material of a practical size and specific weight;
therefore these forces are obtained by distortion of the linear scales
and/or supplementary slope and exaggeration of the discharge and
velocity scale relations. Distortion of the linear scales involves the use of
a vertical scale ratio larger than the horizontal scale ratio, thus providing
greater model depths and slopes.”

Additionally, Franco wrote:

“Because of the effects of model distortion, distortion of the linear scales
should be as small as conditions will permit. Use of higher distortion in
model linear scales will reduce the initial cost of model construction and
space required but will usually increase the time and cost of model
adjustment and if not properly handled could have some adverse effects
on model results.”
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Therefore, some of Franco’s and Glover’s conclusions from the effects of
distortion tests were integrated into Franco’s report. Specifically, conclusion ¢
(effects of higher distortion on the currents) and conclusion e (the effects of
velocity distortion) were the issues Franco addressed in his instruction report.

In Tables B1 and B2 of the instruction report, Franco presented some scales
used in model studies conducted at WES. Table B1 was for sand bed models, and
the distortions for the studies listed varied from about 4.2 to 9. Franco later
reported additional sand bed model studies with distortions ranging from 6 to
10.83 (Franco 1982). This author conducted other sand bed model studies not
listed by Franco with distortions of 8 and 10 (Franco et al. 1970; Pokrefke and
Franco 1981). The reason for the high distortions, much higher than the distortion
that Franco and Glover felt affected the flow, was the fact that the velocities
required to mobilize the sand bed had to be essentially equal to the velocities
required to move the prototype channel bed which was composed mainly of sand.
In Appendix A of the instruction report, Franco discussed the characteristics of
model bed material. Concerning the use of sand as the bed material, Franco
wrote:

“Sand is readily available and has a rather uniform specific gravity of
2.65. It is found in the bed of most alluvial streams regardless of the size
of the stream. Smaller streams, in order to compensate for the smaller
depths, need steeper slopes to provide the energy required to move the
proportional amount of sand as the larger rivers. ...The disadvantage of
using sand in addition to the greater forces required to be moved than a
lighter material is the formation of ripples on the model bed. These
ripples have a significant effect on flow, particularly where depths are
small. ...Ripples not only affect channel roughness in the model but
produce irregularities in channel depths. With small vertical scales, the
irregularities can be significant and should be balanced to eliminate the
high and low points when preparing a map of the bed.”

In Table B2 of the report, Franco reported for coal bed models with distor-
tions that varied from 0 to 2.5. This author conducted or was involved in other
coal-bed, movable-bed studies over the years with distortions varying from 0 to 4
(Franco and Pokrefke 1983; Derrick et al. 1994). Therefore, the conclusion ¢
from the effects of distortion tests for impacts of distortions of 4 and higher was
almost universally adhered to at WES for non-sand bed model studies.

Additional Information Relative to Modeling
Practices

In 1942, the American Society of Civil Engineers (ASCE) published a
manual on Hydraulic Models (ASCE 1942). Concerning distortion of movable-
bed models, the manual stated:

“Movable-bed models are nearly always distorted geometrically,
although they should never be so distorted as to affect, appreciably, the
accuracy of reproduction of velocity distribution. The simulation of bed
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movement is directly dependent upon an accurate reproduction of
velocity distribution. It has been found that a distortion of about six is the
permissible maximum for movable-bed models, although it is considered
desirable to keep the distortion to four or less.”

Note that this ASCE manual was published prior to the investigations
conducted by Franco and Glover and reported herein.

In 2000, ASCE completely rewrote the 1942 hydraulic models manual
(ASCE 2000). In the newer version concerning model distortion the manual
stated:

“Vertical distortion produces flow cross sections that have larger flow
depths and greater vertical gradients and should ensure that model flow
is turbulent and maintains kinematic similitude (that is, flow-velocity
similitude). The price though, is reduced accuracy of geometric and
dynamic similitude.”

“Acceptable limits for model distortion in loose-bed modeling are
recommended with some hesitancy. Hydraulic modeling, after all, is a
means of gaining insight into processes. The more detailed and quanti-
tative the insight required, the stricter that adherence to similitude criteria
necessarily must be. The extent of adherence is at the discretion of the
modeler, bearing in mind the recipient of the results produced by the
model. A survey of loose-bed modeling indicates that most modelers
suggest a limit of 6 for vertical distortion. Practical constraints, such as
the slope stability of the sediment or particles modeled, may require a
lesser value.”

The 2000 manual stated that vertical distortion produces various factors for
consideration by the modeler. Some of those factors are (a) exaggeration of
secondary currents, (b) distortion of eddies, (c¢) occurrence of flow separation on
inclined boundaries, whose slope is increased, where separation would not occur
at full scale, (d) a different lateral distribution of flow in the model from the full
scale, and (e) the ratios between vertical and horizontal forces at full scale would
not be maintained in the model.

Therefore, relative to the conclusions developed by Franco and Glover in
their effects of distortion tests, ASCE essentially supported conclusion b
(concerning flow around bends), conclusion ¢ (concerning distortions of 4 or
higher), and conclusion d (concerning the deflection of currents).

In 1972, Franco published some notes on model techniques that echo what
ASCE stated (Franco 1972). Franco noted:

“...distortion of the linear scales and supplementary slope tend to affect
the relationship of velocity, width-depth ratio of the channel and curva-
ture, and consequently tend to affect the distribution of energy within the
channel. ...Because of these effects, distortion and supplementary slope
should be maintained as small as feasible.”
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In his note, Franco went on to address navigation model studies, which are
generally conducted at WES on fixed-bed models. He wrote that «...it is impor-
tant that these (navigation) models reproduce accurately current directions and
velocities, crosscurrents, and eddies that affect navigation, they (navigation
models) are undistorted....”

Relative to impacts of model distortion, Glover addressed the issue in a
report on river training hydraulic models (Glover 1971). In that report, which was
based on general research and site-specific sand bed models, Glover stated highly
distorted models (in this case he was addressing distortion factors of 10 and 11.1)
could “lead to inaccuracies,” and the studies would provide “a general indication
of the comparative effectiveness of the proposed plans.” At the conclusion of his
report, Glover stated that use of “highly distorted scales which were not adjusted
to the point where they gave detailed reproduction of prototype conditions”
should have these limitations taken into account in the evaluation of the model
results.

Due to the high distortions inherently required to conduct sand bed models,
WES eventually eliminated such studies in the late 1970s. From that point for-
ward, all physical movable-bed models were conducted using coal bed models
regardless of which particular river, small or large, was under investigation.
However, even before that time, the vast majority of WES movable-bed studies
were conducted on coal bed models. In fact some of the earliest movable-bed
studies conducted at WES were coal bed studies. The Dogtooth Bend,
Mississippi River model was conducted in 1936 using coal (USAEWES 1938).
This study had a distortion of 6.

In a book by Murphy (Murphy 1950), it was stated in describing riverine
erosion and sedimentation processes using physical models, that the bed material
should have “a comparatively (relative to the prototype) low specific gravity.”
Murphy stated that the movable-bed material cannot be geometrically scaled
since the resulting material particles would be “so small that they are held in
suspension in the fluid instead of settling.” Murphy concluded saying: “Current
practice favors lightweight bed material. In general, the final configuration of the
stream bed in a properly designed model may be expected to agree with the
prototype, but conformation tests should be made whenever possible.” Besides
WES, other Corps of Engineers hydraulic facilities also used lightweight bed
material. The North Pacific Division Hydraulic Laboratory located at Bonneville,
OR, used coal in its movable-bed models; while the Mead Hydraulic Laboratory
in the Missouri River Division at Mead, NE, used ground walnut shells.

Author’'s Comments

This author conducted or was involved in physical, movable-bed model
studies at WES for about 35 years. The vast majority of those models included
curvilinear flow and only a very few were straight modeled reaches. Therefore, I
base my comments on the models that included bendways within the modeled
reach and which link closely to the effects of distortion investigations conducted
by Franco and Glover.
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Relative to the conclusions that Franco and Glover made from their
investigations, this author has the following comments.

a.

Conclusion a: Negligible distortion effects in straight reaches is
reasonable since the flow is essentially straight downstream and any
variation would be a result of the turbulence in the model. This author
had limited experience in researching straight, prototype sites although
the few that were studied were conducted in movable-bed models having
distortions of 3 or less. However, in a riverine reach including training
structures such as dikes, this conclusion may not be valid.

Conclusion b: The data presented indicate this is a significant result of
the research, and apparently significantly influenced the guidance that
Franco and Glover provided to their staff over the years.

Conclusion ¢: Again, the data support the impacts to curvilinear flow at
the higher distortion values. Maintaining distortions in WES models
below a value of 4, except in the case of sand bed models, was guidance
that Franco and Glover consistently provided over the years.

Conclusion d: Over the years, particularly on sand bed models, the
deflection of currents in bendways often caused the greatest problem
during model adjustment/calibration. Such was not the case on coal bed
models with significantly less distortion, although the helical flow was
still observed in those types of models.

Conclusion e: The data presented support this conclusion. Observations
by this author on movable-bed models using various horizontal and
vertical scales where the discharge scale was exaggerated over the
Froudian relationship to obtain bed material movement and stage was
varied based on prototype stage-discharge relationships, support this
conclusion.

Conclusion f: The specific tests addressing increased roughness only
partially support this conclusion. There is further discussion of this issue
later in the discussion of Froude numbers. Although limited mostly to
observations of the WES Mississippi Basin Model and certain estuarine
physical models with roughness strips added, adding roughness can help
reduce the effects of distortion. The one controlling factor here is that it
is only applicable on fixed-bed models and not on movable-bed models.

In conducting physical, movable-bed models, as they related to linear
distortion, the following were followed or observed:

a.

On coal bed models, the linear scale distortions used were 4 or less with
the vast majority having distortions of 2.5 or less.

On sand bed models, the linear scale distortions were always greater than
4, which was required to provide enough energy in the flow to move the
sand grains in the model.

On sand bed models, the higher distortions created significant impacts to
the flow distribution and required much greater effort, compared to coal

bed models, to ensure that the entrance conditions reasonably replicated

prototype conditions.
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Helical or spiral flow has been documented in physical models having
linear-scale distortions of 0, 2.4, and 4.

The importance of replicating the prototype flow velocity distribution
cannot be overstated. Franco, Glover, and ASCE emphasized the critical
need to maintain flow distribution. Guidance that Franco (Franco 1978)
and Glover gave over the years to this author was addressed and the
importance of maintaining the flow distribution over the full range of
stages and discharges used in model testing.

The use of distorted models should be avoided on studies that require
accurate reproduction of flow velocities and direction. To this author’s
knowledge, WES conducted all navigation model studies using only
undistorted physical fixed-bed or semi-fixed-bed models.

The use of distorted fixed-bed models with the addition of channel
roughness elements is applicable in studies where some variation of the
velocity distribution or the path of travel is acceptable. An excellent
example of such a model was the WES Mississippi Basin Model (MBM),
which had a distortion of 20 (see USAEWES 1942), and was capable of
accurately reproducing the relationship between stages and discharges
and the travel time of flood waves. On this model, deviation from the
Froudian relationships were thoroughly investigated and considered in
the model results.

In the discussion of the velocity cross sections for the Plan A, Series 1 tests,
Franco and Glover stated “comparison of the velocity distribution for the various
models downstream of the bend indicated very little significance in differences”
(see Chapter 4). This author concluded that there were differences in this data,
which may or may not be considered significant. By inspection of Plates 33
through 43, this author came up with the following conclusions concerning the
velocity cross sections:

a.

Epilog

In the straight reach upstream of the bend, the thread of maximum
velocity tended to vary in location within the channel as the distortion
increased.

The greatest variation in the measured maximum velocity occurred in the
straight reach upstream of the bend.

In the straight reach upstream (sta 20+00 to 40+00) and downstream (sta
90+00 to 190+00) of the bend, the highest maximum velocity occurred at
the 2-distortion.

In the bend (sta 40+00 to 71+41.6), the maximum velocity tended to
remain located on the right side of the channel for all distortions, but the
isovel tended to move toward the water surface as distortion increased.

In the bend, the highest maximum velocities tended to occur at the higher
(8- and 10-) distortions.

In the straight reach downstream of the bend, the lowest maximum
velocity tended to occur at the higher (8- and 10-) distortions.

In the portion (sta 130+00 to 190+00) of the channel downstream of the
bend, the smallest variation in the measured maximum velocity occurred.
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One hydraulic parameter which neither Franco nor Glover addressed was

Froude number. To better understand the Froude numbers in which the tests they

conducted were operating, Table 6 was prepared by this author.

Table 6

Computed Froude Numbers

Condition/Series Tests Dlstort|o1n Factor or Froude Number

Scheme

Prototype 0.249

Plan A, Series 1 All Tests 0,2,4,6,8 &10 0.249

Plan A, Series 22 1-3 0,23,&4 0.249

Plan A, Series 2° 7 1-A, 1-B,1-C, & 1-D 0249, 0176, 0.144, &

Plan A, Series 22 8 2-A, 2-B, 2-C, & 2-D 0.125,0.249, 0.353, &
0.498

Plan A, Series 2° 4-6 2,3,84 0.249

Plan A, Series 2° 10 1-B, 1-C, & 1-D 0.176, 0.144, & 0.125

Plan A, Series 2° 9 2-A, 2-B, & 2-C 0.125, 0.249, & 0.353

T Scheme is shown on Plan A, Series 2, Tests 7, 8, 9, and 10 (Plates 47, 48, 53, & 52).

2 Manning’s n for these tests was 0.012.

8 Manning’s n for these tests was 0.025.

Relative to Froude numbers and the various tests conducted to determine the
effects of distortion, the following comments are presented by this author:

a.

For all of the Plan A, Series 1 tests; Plan A, Series 2, Tests 1 through 3;
and Plan A, Series 2, Tests 4 through 6, the Froude number was identical
to the prototype and the differences in the various test results were
strictly a function of the amount of distortion. Therefore, for models
having equal model and prototype Froude numbers, Franco’s and
Glover’s conclusion that model distortions of 4 or higher affected the
current directions downstream of a bend is a significant finding.

Based on the results of Plan A, Series 2, Tests 1 through 3 (Manning’s n
0f 0.012) and Tests 4 through 6 (Manning’s n of 0.025), the influence of
channel roughness on surface currents was dramatic. In Tests 1 through 3
(Plates 44 through 46), there was a significant shift in the currents as the
distortion factor changed from 0 to 4 up to the point in Test 2 for the 3-
and 4-distortions when the float was released upstream of the bend where
the left wall was apparently limiting the currents. The left wall also
appeared to limit the surface currents in Test 3 for the 2-, 3-, and 4-
distortions when the float was released upstream of the bend. In Tests 4
through 6 (Plates 49 through 51), as the flow passed through the bend the
magnitude of the current shift decreased significantly with the higher
channel roughness (compare the bottom of Plates 44 and 49 and 45 and
50). However, when the surface float was released 600 ft (prototype)
from the right wall at sta 80+00, the additional channel roughness
appeared to have little effect on the surface currents (compare the bottom
of Plates 46 and 51). Therefore, for models having equal model and
prototype Froude numbers, Franco’s and Glover’s conclusion that
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increasing the channel roughness tended to reduce the effects of
distortion is limited.

For Plan A, Series 2, Tests 8 and 9 (Plates 48 and 53), where the depth
was held constant and the Froudian velocity scale was varied, the Froude
number (and velocity) varied by a factor of about 4 (a factor of 2 relative
to the prototype Froude number) and a factor of about 3 (a factor of 1.4
relative to the prototype Froude number), respectively. However, the
surface currents varied very little in these tests. In the analysis of Test 8
(see pagel7), Glover concluded, “varying the velocity scale, as is often
required in movable-bed models to obtain bed movement, would have
only a small effect on current directions and flow distribution.” How-
ever, this statement should be taken in the context that the tests were
conducted with Froude numbers up to twice the prototype and not greater
than that. As Glover stated, the schemes used in these tests are similar to
the procedures followed on WES coal bed, movable-bed models in that
the velocity scales are exaggerated for the low stages/discharges and as
the stage/discharge increases the amount of model discharge exaggera-
tion, relative to the Froudian relationship, decreases. Therefore, at the
higher model stages/discharges, WES models generally used a value
close or equal to the Froudian relationship. Referring to Franco 1978,
Figure 2 gave an example of a coal bed model discharge relationship
curve for a model having a horizontal scale of 1:120 and a vertical scale
of 1:80. For such a model, the Froudian discharge relationship would be
1:85,865. From Figure 2, prototype discharges of 20,000 and 700,000 cfs
had discharge scales of 1:32,000 and 1:90,000, respectively. Therefore,
the lower discharges (and corresponding stages) had a flow exaggeration
between two and one-half to three times the Froudian relationship, while
the highest discharge (and corresponding stage) had essentially no flow
exaggeration.

Based on Plan A, Series 2, Tests 8 and 9, the results appear to indicate
that Froude number distortion above the prototype value as it is deter-
mined relative to the vertical scale and corresponding velocity scale
should be maintained at about a factor of 2. Once the Froude number
exaggeration exceeds that value, the velocity has reached a point that the
current patterns are no longer influence by the channel bed roughness.
This is probably strictly a result of the fact that the channel velocities
reach a point that they are moving so fast that they are not influenced by
the channel roughness and as such cannot spread or diverge to the degree
they would at the prototype Froude number.

In Plan A, Series 2, Tests 7 and 10 (Plates 47 and 52), which were held
to a constant velocity scale of 1:20, results indicated that the higher
roughness (Test 10) tended to reduce the spreading of the surface cur-
rents much more than the lower roughness (Test 7). Therefore, in both
tests, as the model Froude number decreased, the surface currents tended
to spread toward the left wall with that spreading being greater as the
Froude number decreased. Perhaps this was the point that Franco and
Glover were trying to convey when they stated that increasing the model
roughness as the distortion increased tended to reduce the effect of
distortion.
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/. Addressing Franco’s analysis relative to centrifugal force (see
Chapter 5), his conclusion was that the effects of distortion could be
reduced if the centrifugal force and resulting flow pattern in a distorted
model reproduced the prototype. Assuming a distorted model with a
horizontal scale of 1:400 and a vertical scale of 1:100, and using
Equation 6, the model would have a velocity scale of 1:40 for equal
centrifugal forces. However, in such a distorted model the computed
Froude velocity scale would be 1:10. Therefore, to maintain similarity of
centrifugal forces between model and prototype, as Franco suggested, the
velocity scale in the 4-distortion model should be one-fourth of the
computed Froude velocity scale. Plan A, Series 2, Test 8, scheme 2-A
had a Froude velocity scale, one-half of the computed Froude velocity
scale, and there was essentially no difference between the surface
currents of that scheme compared to scheme 2-B, which was conducted
at the Froude velocity scale.

g Many of the findings, although somewhat limited at times for fixed-bed
models, are significant and add to the knowledge of the effects on
distortion. In conducting physical, movable-bed models, where adjust-
ment of channel roughness is virtually eliminated, the modeler should
take these findings into consideration during their model design, adjust-
ment, and verification to ensure that the required model distortion stays
within acceptable limits.

Closing Comments

The research conducted by John Franco and Ed Glover provides firm evi-
dence on limiting model distortion to less than 4 on riverine physical, movable-
bed models using lightweight bed materials. Exceptions to this would be sand
bed models, certain flood-control models similar to the MBM, and estuarine
models. Their research provides definitive impacts when the 4-distortion limits
are exceeded and additionally provides no hope on movable-bed models to
reduce those impacts by adjustment of the channel roughness.
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Photo 1. Surface current directions upstream from bend, 0 distortion



-1,
AN

Photo 2. Surface current directions upstream from bend, 2 distortion
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Photo 3. Surface current directions upstream from bend, 6 distortion
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Photo 4. Surface current direction upstream from bend, 10 distortion



Photo 5. Surface current directions downstream from bend, 0 distortion



Photo 6. Surface current directions downstream from bend, 2 distortion



Photo 7. Surface current directions downstream from bend, 6 distortion



Photo 8. Surface current directions downstream from bend, 10 distortion



LNOAVT 13AON

HOLLEOLED THOOM 0 Lo3ddd
[ L T ]

U

HEE LI

Plate 1




wlFrY s 1200m
1o ol oS M SHALOLOMM
SIS

0 NOLLHOISKI T3AON ¥ NV Id-
SNOILD3YId LIN3YHND 3DVHHNS

HOLWLHOLSKM T300M 40 123443

-

=t

S0 1M
Trill OL 00100 VIS
BT UMD TERD DROTY CHOLLWLE L 00
i B S0 S e T L
m = mEaN =T 2 sSESSSS=R=SS
i _
il I
3
= e
Wl Samannas - H-
GOTOET SL OG0T VIS
v cosem e il S
HI.m_m“
1 =
- I 1
IOt I OO VIEE
111 |
- T
11

Plate 2



[F R [ [4
dd

L4

T— 13g0m
SdALOLONA

$3vs
€ NOILHO1SIa T130ON VW NY1d
SNOILDO3YId IN3YYND 3IDV4HNS

HOLLHOLSI] T7300M 40 L23443

O 4 O

60@ 1MD
4+ oL + v
T HALNDD TAMNYHD DRI SMCLIWAE L= 000
o, D00 OO+ OR O L 00+ 0P 004+ 051 G0+ 0
o Ll ] L -
m.xr ;
A — — = o e e
= mm_=s s
Wn.n.i_
" - T
ooR :
P == )
Seeel L[ T - ] [T 11 1
BO+0ET OL 0040 vis
BN HILNID TIMYHD OHOTY SHOUVIS Li-00!
0O+ 0EN 004021 00+ 011 OO0 B0+ 00408 o0
wa— el s L T S samEREZ — H b
. bt = : T Lt -
R - — : : =11 4 = REN — - gt |h_mn|...
' 115 -— 1 - - = 1
i == —— L}t 1
1 P = =t
Ei ) H * - - 3
+ + ¥
: + i
: 11 1 O e e
OO+0T OL O0+0 VLS
I WALNTD TENYHD THOTY SHOLLVIE Lad-000
= L1 = ! 1] o
= H T 1 m
T i do 8
——t
= — o - m
h ¢
“ﬂ“
-
™m
=

Plate 3




IYE e e e T Ty 1300M
Lol T S The olT b Dhr SALOLOWM
S3TIvIS

¥ NOILHOLSIQ 13A0W V Nvd
SNOILDO3HIQ LN3YYND 3DVIHNS

NOILHOLSK) T300W 40 123443

60R 1MD
ZF+i6l OL OO+0OCI WiS
AT WALNTD TIMMYHD TROTY SHOUWLE Li- 000
. OO 00+ O o0 0L 008 DR 00+ 051 00+ frn o0+ 0T
o — o - — T
m SN.HHW. ey _ “II|:|.||. - lh.r|4.|.1l|.|l.||l =1 . -1 K _.I...I....llu_lu_.lnl_
Lo | L i |- 1|I.|I.|-I|- T ad — ”|
T oow .-ulu._l...._.l_ L = = e e e i
[ : ek 11 . =
.M. = pe 2N ]
x 208 i  SC) l w e r
L 1 T
2
= =i [ 1]
_uﬂ_n_. [ L [ T T 1T 77
BOTOET OL 00+0¢ VIS o
AT HRLNED TIMHD DROTY SMOUMIES Ld-000
OO+ E OO+ D21 o0 a1l OO0 oo+08 [ o
— T ¥ p ——r— 1 [——1 - T | \
i I S B, o ey s o s S I I 8 5 g o AT
B _ s s B B el e = =
f el = . : s RERa= . .
m e T
|.._. T . B L : I — e
=+ - rrp v -5 I e ”H*-Tll |._-.ll.ﬂ....L|L|-...-|
B0+0E OL O0+0 VIS
I WMDY THD DROTY ENOLIWLE L4000
[y OOHOT _ 0001 sl
: | o
=r= _ e
f 4 . .
S P T S T R R I P
f - s.!_m
) = i 3
N )

Plate 4



:n Ty T q300M
1 o BT =T IALOLOHA
FERL o1

9 NOILHOLSIQ 300N ¥ NV 1d
SNOILD3HIJ 1IN3IHHND 3OV4HNS

HOILHOLSIO T1300W 40 L3443

609 1M
r+ L +
I HAUMID TIMWHD TREDTY SHOLLYLE L e
- D0 D0+ O THO- Ol e Ol 0+ 01 0+ Ol (D0 DL
o T T ¥ - H — - T
1 ] [
m. oozl | ' ’ . LI I S e o o oy N S o= =11
’ 7 e
.u._ : : - Lt Ililhl.:luummn...-l ——— RN e mmEE
oow ; - == m= =
i I — = =111 =11 =u BN R LE D :
mr et | . = AEEE=S ———
3 cowfs v —— -—— - —]
- e | e M.
. — + .m_
n 11, == EEEESE== _ =
I i i - L L1 1 - —
7 soor | 1 = m— Tt o EEEEEEEE .

OOF0ET OL O0F0E VIS

I WRANTD TINHYHD DHOTY SHOLVLE  La-00

Ol O 1 D0 D1 oO%01 D000 R ] [ ] (v
——— e e e BRE===suanmpmEansitY
ARENSSEEC RERE=SSS LT =2 P Lt
s== T e T T T EaBe===2
e .1!“ ——1 Lt — — Lt - =t
= T — = S s — 1 =
[ [t ..|.|..h.| il - -—— s = - -
- | —— et === e ——
v ..
1 ——t—
] = s
|| LT T T 11 -

BOF0T OL O0F0 VLS

I WALNED TINYHD OMOTY SHOUYLE L4-008
GoHE 00402 00408 e
i _ 1 ! o
| | m
il .
1 _ T m

I | B i ] ] | !

b ..uo._n
A
=== ANEN 7

Plate 5




FPE s s auue S ey auaey| q300M
Lo TRl o o5 Bz MALOLONM
S3¥os

8 NOILHOLSId 300N ¥ Nvd
SNOILO3YIQ 1IN3YYND 3DV4HNS

NOILHOLSID 1300W 40 123443

SO+

609 1MD
ZrHi6l OL O0+0ET VIS
I HEUNID TINNYHD DROTY SNOLIVLE Ld=000
fe i le ] 00+ Ol ok DL Cay b O Qa4 1 L al +
S - ; - - T
| 11 | H L F ——— LT ]
; i i = e =
—— EE=— - - = =
== t - —— - -
= — - a8 S . =11
== ft—a—1 Lt
| L -——
1| I I O i = = }
I WALMED TEMNNYHD DHOTTY EMOLUWE La-008
04 08N 004 0T 004011 04000 D008 [
== S EaE EEEgEREE| - - O
i —— 1] - -
—t | e t="] et = g L —s— I
et - |1|-.. - .- -
_— - - - - p—t -
— 11.....“.1 T e D S EsEERE=_ cCanENE SIS S
-— [ - — i —
= —t -
| B o I -
1 1T T 1 1 L1 1

Plate 6



i ]#]lul. AFa0n
Laodl T O T o b M 4ALOLONM
S3WIS

Ol NOILHOLSIQ TT3GONW Vv NvV1d
SNOILD34Id IN3YHND 3IDVIHNS

NOILHOLSIO T300W 40 133443

608 1M
EFHiEl OL 004081 ¥vi5
I WALNTD TIMNNYHD DROTY SHOLYLE Ld-000
o OO0 Ol R O DLl O & O O+ 051 o4 O 00+ 01
o L] . = ]
T -
| —— -
W ] — ] et - - ]
| |“.|.:.|.|.|.. - —t—1" | a1
or = — - ——
- [t | = == -
w 008 = - T = — a
2 | - — — = 1 - —— T
w 00-_ et _ = b—p—t
ool T 11 1
BO+0ET OL O0+0E WIS
T WALNGEY TN OMOTY SNOLVLE  La-00
O DY OO O O 11 aaan) OO0 QOO &
14 H - =T e
—— = - [ - -, = U._.l_
t
e 45 -.ll....l. ....t-l.-... f “ = |L-._-.|l.--.. HTI...I ..l-.l...l..
i . 1 . — —t
et - - - — ——
-—— =T = - - = e
-l - - 1 4 —
— - - —— ]
] - —
] — 1 1 1
BO+0E OL O0+0 VIS
I WRINTD TENNVHD DROTY SNOLIWLE Ld- 000
OO el OO M DO
e T T T T
I
T
— - | 1 + : i .rvu w
bod = |—.
L |
T r ¥
- - T 0Ty
1 I ﬁ oo
— . - 3
l -
! 1 ] T2
o0

| |

Plate 7




P41 TIVH NO LNIOd
TV DHILHVLE WOWJ ONTHL JLVDGM Ol
TILIC SHOLLIIEN LNTWenD | 110N

vV NVd
SNOILD3HIQ LN3IHIND
NO NOILHOLSIQ 40 123443

NOILHOLSID T300W 340 123443
609 1M

SNOILO34Id LN3ggno Wollod

FNMIHALNTD TIHNNYHD DHOTY SNOILYLS 14 00

§ &

HLOIM TINNYHD

e e e =

i
ifs
|
[

Plate 8



0 NOILHOLSIa 30O V NVd
SNOILO3HId LINIHEND WOL1049

HOILHOLSW] 1300W 40 103443
609 IM2

ZF+I6I OL OO+0El ¥i5

T HOULWED TIMNYHD TRaOTTY EROLLYLE L= 000

Plate 9

_ posom o0+ om 00+ 011 o0+ OB 004 08
I I _ _ _
o i - ] : ]
" = * +
oo ﬂ_nﬁu
4 o0s -
: 3 1
-
TOIGET OL OU+0E vis
BT HIUNDD TINNYHD DHOTY EMOLWLE L4-000
00+ 01 o0+ 021 B0+011 O0+008 OO+08
== 1
===
[ -t i
-y |’_|I.l.
— 17
N ]
=== H
EEEREE : "
HHHHHH L 1
BN MILLNED TIMMVHD SO
[4.a00 o el
——T i i | ]
)

M HLOWA, TIMMYHD

-
-
L33




wulfF F 0 Taaom
Liodl B o O o B D MHALOLONM
$3¥I5
€ NOILHOLSIg T300N V¥ NVd
SNOILO3HId IN3HYND WOLL108

HOILHOLSK] 1300M 40 1D3443

609 IMD
EvHitl OL 00+08T VIS
I WAINTD TIHMYHD DROTY SMOLYLE Ld-000
Ig 014 R D Cli O O D+ 051 D+ Leri el
n HﬂlﬂT | I I 1 [
] Tl ]
£ e : ; v 141
5 ¥
oow == e =
m eow e
." fa'n ]
f
IO WLMED TINNYHD DHOTY SHOLME L4-808
(=23 1] 00...@ a1l QD00 CalH-Colk L
T g T I T T
- - - - =
o 4 - |l.lur.lu.-.I..I|.l._.Il H . - —— ..-...-.._..l.. -
e 1 —y
- ] e _. 1 J:Tl.-...l.l. 1L
— It 1| ] 1 =t
] ] et | =l ~—11 ] [ 1
IIIII IR e
— e N
._. |
OOF0T OL O0+40VIS
BN LMD TINNYHD OMOTY SMOUWLE Ld-000
o048 00402 G40l [y
T EEEEEENE
=L
|
| H h_ _ m
b T
: __
B — T 1 m
T
N -
]
i

Plate 10



ulf % - F agon
Liodl o AN o By MALOLOWM
S3vIsS

¥ NOLLHOLSIQ 300N v NVd
SNOILO3HIG IN3HY¥ND WOoLLO8

HNOLLHOLSI T300M 40 103443

OO+ L1

609 1M
+ oL +
I MAUNTD TINNYMD DHOTY EHOUYLE Li-000
_ ookosi G0+ 0M DO+ 0L 00+ O 00+ 0% o0+-ow
o MIIIT1T 1711 ] - o = =
: f = + ==
m:ﬁ RS R eSS = = e
F — =L T - -
mﬁ.nt ! - - =t
: e
3 oow T T T
H
L
B === =
OOF0ET OL O0+0F VIS
I WAMED TIMNYHD THOTY EMOLELE Li-00
00+ 01 OO 01 00+ 011 BO+008 B0+08 o04+0%
T—I T e
~
" - E
PO B I | T .-l_._.lr.l.-.r-.-..r.-ﬂ-l..
. I.H IIIII e - =
T4 — L1 - Il.“.-l.l_.-[ - ! H ! -
o el o l...I.l.l.“nl...“[ —m- |I.|.|.l..l.. F—
—
— —— .L ] ...rl vt 55 Py
1 —— _
BOF0OE OL O0+0 VLS
NN WAINTD TEMMYHD OMOTY GMOUWIE Li-001
00404 00402 004+ 04 0049
H I [
i R
- 1
+ L
- I e ——
: {008
' 11
= 4
A
| 4.1 ] )

jiinse

Plate 11



uf F I F 35, 1200R
Lol ol T T Wy MALOLGH
S3IIVIS

9 NOILHO1SIa 300N v NV d
SNOILD3HId IN3YYND WOoll04

NHOLLHOLSK] T300W 40 123443

608 1M
EvHill 0L 000t YIS
I MAIMGD TIMMYHD DROTY SMOLYLE Lé- 000
 Ooom 004 O 00+ B8 OO+ O 00+ %1 D0+ 0% 004 061

= _ E_-._.u t

] == Il
e i

I

T ——

ptt—"
T

e

e

=

OOH0ET OL 00+0F VIS
I WRLNED TIEYHD DO TMNDUME La-000
00+ 01 00+ OF1 oo Ol OO0 00408 Q-0
T — 11 == [~
- = 1l
— =l ] ”_ - — = - -
- - ] - w
—— =t - —— - - -
- T =ttt | [t P
= - - —d | ) g}
= - —t - —
= - - EI-. -
] A I -
OO+0E OL GO+0 VLS
COH0T QOHE 040l DO
- e l LI I"
11! | —L.I._...-Tll...l. 1 I
- : Il H
I
1 | L
! ¥
3
-
oo™

Plate 12



e ¥ Y ™M T3o0n
LT O Ry SALOLON
S3ATVIS

8 NOILHOLSIQ 130N v NV d
SNOILD3YId IN3Y¥YND WOolLog

NHOLLHOLSKY 300M 40 133443

608 1M
Z¥+i8l OL O0F08 vi5
T WALNED TR DROTTY ENOLLYLE L= 000
o D008 0o+ Dl Ok O a4 O 004+ O5L OO0 cagenl
m g = :
- u
ooz] :
— |
[ —, — ey e e
oor e ] —t | ety f=
asal 1 e S - ]
iES : caemmasens=-=iliSassnnsSoSanannanss==s T
Z o - ]
m - i =
p—_— T — I
BT WD TINYHD DMNOTY SNOUYLE  Ld-000
O O e O Ok O OO0 OO 009
- - = i A ——— ]
= [t I...I.I..l.._ ) R i = =
- — — 4 - ] - L -
— . . b == .l-r”I B
. - -.l....ll.l_ . P -l;u.l- - J-.H-. 1
. ——— = ) T ~ ! - -
e | e .- — .
S EHE- ot 1-] Tn_.l. —— P o
— T I e e — = -
= - T I - —

b4+ -
] i i T i
L334 M LM TN

Plate 13




wi™% Y| J300m
14 o YT =T MAL0L084
SITVIS

Of NOILLHOLSIQ 130N Vv NV d
SNOILLO3HId IN3HHND WOLLO08

NOILHOLSIO 1300W 40 133443

608 1M
Lad oL +
AT WAUNTD TEMNVHD DROTY DROLIVLE L 000
. Ooa08 00+ O Q0 Ol 004 0 Ol 051 O& Crim O+
] “H Ml | 1T _ _ .“ “ H m H | I 1 L. " ". .q
I e e — e e e e e f
— _
— e - I
p I A -1t FF S g, e . i o = H
e ] — Ll LI T TT T T 1T Tt - —
m i =ca Smm ==
bt N : 1 == 1] et T
z ¥ 1 i |
w 009 = = - -
3 soal L] i t =
+ + L
I HALNAD TIMNYHD DHOTY SHOUWILE  LJ-000
o0 O oD+ D o0 1 000N Q08 G-
== = e = v
£ +—+ T —= +— I 1 " ——— 1|+
SS===SSoo-s-——mmm = : B = ~d 1]
— 1 b Tt I = o e - =1
14 ——— e L Ty T by
. — " — , s =t - - ]i..u...”.l..
fffff L | — —1 ] Pl 1 S i
- ¥ ] ] Pl = — e
|Irl|I.rI...I..I + |.|.".I _— S8 = 1 : Jlrl_rn.rn_.l a= ” l...rl.”“rrul.rl.ll
4 : 1 - L1-4 - ! - ITrJl.. 4 | 1 - —— |
I T m 1 1 1 1 1 - . F— [

DL Q0T 00400
——1 ¥ T T T t : ; ! — W m
11!
1+ — ENEEN r
} == T T ¥
P o L
== s ] T i m
- . e _“ = z
= = * m
= S -
= - I 141 b

= - -
H

Plate 14



FPE aaas 2 e B E

300N

13 oS o5~ 34A101084

S3VIS

O NOILYOL1SId 300N V Nv1d

SNOILO3YIQ 1IN3Y4ND

‘NOILYOLSIA T3IAON 40
600 IMD

H1d3daIn

123443

Z¥+i6l OL 00+0%tl VIS
INCY WAINID TINNVHD ONOTY SNOULVLS Ld-000

_ OOHO8 00+ 0 00+ Ol OO+ O 00+ 0% 00+ 0wl — OO0+
g Hr : insESs LTI ]
1 H | 1
M 00z -
"~ oor :
E
2 osos
3 oo - -
Z OOG T
a 008 1
u (V%11 1 1
BO+0OET OL OOF0F Vis
INM WAINGD TINNYHD DNOTY $NOUVLE Li-008
00+0€1 00+021 00+ 011 004001 00408 00408 00+OL
- - T ]
£ I
—t—i * et -
'
T
— ==

' $- . -

H L n 11 -

I I i

BOFBE OL 0040 VIS
INM HAINTD TINNYHD ONOTY SNOLLYLE 14-00
00408 00402 00+ 01 004Q
T 14 ~ 0
1 | | | | P W
, maa
T ; u
= = e S 7] —
—1 ! 1008
m whun oo 2
| ! I a
== i R

00+0E

Tttt 1]

00+0F

Plate 15




I 2 e SRS R RELLL
Liool Bou o0 0% ol b bz 34A10L0wd
S3ATVOS

€ NOILYOLSIO 300N V Nvd
SNOILD34Id IN3YYND H1d3AAINW

NOILHOLSH] T3ICON 40 123443

608 Im2
2T 01 00+0¢%1 V1S
N MEAUNDD TINNVHD ONOTY SNOUVLS L14-000
Q0408 00+ O% 00+ 0Ll 00+ OB 00+ 051 00+ 0 004061

1

g

8

b

1334 NI HLOIM TINNYHD

§ § ¢

—
GO+0ET O1 00+0¢ VIS
I MAUNTD TIMNYHD ONOTY SNOUMIS L4-000
004+ 0%1 004021 00+ 011 004001 00408 00408
T T 11
I |
1
T =1
-
1 -
HHHHHHHHHHHHHHHH & T
B0+0C 01 00+0 VIS
0040E 00402 00+01 0049

T B i
: J
| 41 -4
L334 NHLOM TINNYHD

i

00+0F
T
!

Plate 16



SNOILO3HIA IN3IHIND H1d3AAanW

ey T, J3gon
1 0T BT =T, 3dA1010u4
S3ITVOS

¥ NOILYOL1SIa 13AON V NvId

‘NOILHOLSIO 300N 40 113443

608 IMD
Z¥+16] OL 00+0El VIS
3T HIUNTD TINNVHD ONOTY SNOILYLS 14-004
. DO+06 00+ O 00+ 0Ll 00+ O 00+ 051 00 +0rl 00+ 0€1
o O : - : :
$ o] _ _ @ _ _ . ]
£
8 i e _
oor
£ . . | , T =
3 coolt v : : " e
2 i : 1 il i B
z ° _ : : = =
- - 1 L1 .
+0¢€1 Ol vis
NI HIUNGD TINNYHD DNOTY SNOLVLS L3-007
004 01 00+ 021 Q0+ 0H QO+O 00+06 00+00 Q0 4+0L
) I I i ] —Li 1. LI .
H . i == {—t ”.
= : =]
H T 1 I T e =
. i = -——
i _ =
=) M ; T a1 1 s
+0€ OL 00+
N HAUNTD TINNYHD ONOTY SNOLLVLS L3-000
0040E 00402 00+ 0l 004+0
T ; ; T P o
e " REN 1 g
- H N . . . M
_ : Pl LB
] t + o
B ' ~ o | w
._r t +—100%
N f : |_—_ z
H i — T T 1 *- ] iagiad h
T 11 : ] oooid

Sp

00+0T

, 00+0¥

——

T

L

T

i S

Plate 17




3qon
3dA10L10Hd

S3TVOS

9 NOILYOLSId T3AON V Nvd
SNOILD3HId IN3HHND HL1d3aAan

NOILHOLSIQ 300N 40 123445

00+ 0E€1

608@ IMD
cv+i6l OL 00+0€l VIS
T WAUNID TINNVHD ONOTY SNOLLYVLS 14-001
Oo.o.!u! 00+ Of 00+ 041 00+ 09 00+ 0%1 0040
¢ ‘R e — : T
Z 002w :
2L : 2 ==
oor
m :
3 208 T r
3 . -
- 009 T
m 1 e
a oooiLL { i H I I
+ Ol 00+ vl
3N HAUNID TINNYHD DNOTY SNOUNLS 13-000
004 0€! 00+021 00+ 011 004008 00406 00409 00+0L
1 . } H i 1 ) |._.|
' 1 |
- 1 i ; 11
: pe = =
[ D T I D s e s e = . } T
“ 1
! ! i T — _ =1 |t
L1 —
13 ) S - 1 1
B0+0t OL 00+0 viS
N HAUINID TINNWHD ONOTY SNOLLYLIE Li-00
CO40E 00402 00+04 0O4+0
I T t B . [2]
T _ _ m
3] | } v §
. T r
1 4 v
]
- — iy —— 2
1 A . 7 m
! iy _ oo
m __ } . —p——t — =
HEEE | i 1T o
+ N ' — _ - ]
1 1 1 | T ooon =

00+0¥

Plate 18



ey - Tagon
13000 0 OO0 oor o 5 Sh: 3dAlOLOWd
S3IAVOS

8 NOILYOLSIO 13QON Vv Nvd
SNOILDO3HId IN3HYND HLd43AaIN

NOILHOLSKE T3QON J40 153443

608 IMD
Z¥+i6l Ol 00+0KI VIS
N WAINZD TINNYHD ONOTY SNOUWIS Li-001
_ 0o+o8l 00+ 0% 00+ 041 00+ O 004061 00+0v 004061
¢ TII _ i _
moou —} :
L OO
%
3 009 T
I
H
- 009k .
- -1
o001 L I
T FOC VI
I WAUNID TINNVHD DNOTY SNOUMIS Ld-001
00+0€1 004021 004011 004004 00406 D0+08 00401
| [ ] ! —
t ¢ =
= = ——
T T T 1 “HHH ; 1 o e e
BOF0T 0L 00O VIS
NN WRINTD TINNVHD ONCTY SNOLLYIS 14-008
00408 00402 Q0+O! 0040
i ! s gt —1—1 A
f 1 e m—— T -W
= it N &
w -
1§ L e ~ T w
. "
! _ R
s . = ! b e
1 | - a4 oA
H LITIOT 11 oo 3

Plate 19

00+0E

00+0F




PR [J [4 4 i o 300N

14 0T ST, 34AL0L0M
SIS

Ol NOILYOLSId T3CON v Nvd
SNOILO3YIG IN3YHND HLJ3AAINW

NOILNOLSKD 390N 40 103443

608 IMD
2¥+161 OL 00+0€i VIS
3N WEUNTD TINNYHD DNOTY ENOLLVLE 14-000
] 004+ 0N 00+ OLI 00+ 0N 004051~ 00+0r 00+ 0F1
T T

: T I

|

- . §_ —
|

ﬁﬁ g ¢
i
I

1334 M HLOIM TINNYHD

+ L + L
N MAUNED TINNVHD DNOTY SNOUVLS Ld-001
00+ 0€1 00+ 021 00+ 01 QOO0 00+08 00+08
] ._ 11
|

1+ T -

i m———— EREES = =

iiiiii T 13 SREns

—— — “
OO+0C OL 0040 VIS
INCT WAINTD TINNWHD ONOTY SNOLLVIE 14-001
OO4+0L 00402 0O+04 0040

1 o i...c e
_ w
; r

i o
Y 7 m
: } 2
+ { 009 5
] NERE 4 I
i 3

1 r———

Plate 20




g3 LHOLSIANN T13dOW ¥ NV1d

Plate 21

1334 NI HL1d3d

00+¥9 V1S 00409 VLS
00479 VIS OL 00+01 VLS WOJ4 WNYE LHOIH WOWd L334 NI 3DNVLSID WNVE LHOIY W04 1333 NI 3ONVISIO
00v 009 00% 0001 o 002 00t 009 008 000!
SNOILD3S SSOY¥D ALIDOT3A S et RN
// /0%,,.
NOILYOLSIQ T300W 40 LD3443 Y
608 M D o =
m
3 |
344101084 OL I 0z
Q3W¥3434 SNOILVLS ONY SNOISN3IWIQ -
3IdALOLOMd D3S/L3 OF MCT38 ALIDOT3A | B
T m oF
IdALOLONA D3IS/L4 €1 OL 01 WoH4 ALDoT3A [T m
34ALOLOHd D3S/L4 €1 3A0BY ALIDOTIN P77 ;
or
aN3IDI
00+9G VLS 00+2S6 V1S
YNYE LHOI WOWd L333 NI 3INVLSIO WNYE LHOId WoEd 1334 NI 3INVLSI 00+8¥ VLS 00+¥¥ VLS
ooF 00 Q0% 00Ol o 0z 00y 009 008 000 oor 008 008 00O 00 009 008 000!
i NERA AR (¢ ' SO ) A LS / ) //// 2 //-/ﬂlo
o. 0&
- ) o % AN )
6_ d ol
2 2 o V38
o | o i \ 1 T
~ | - S AL 4
T | loz T | jloz T
z z el B Z
- - i ,_, | -
o ot o Yoy e m
= ~ Vb -
o[
98] | y
ov / \\\ o
| 2N d
AP
00+0¢2 V1S 00+01 VLS
0 00z 00y 009 008 000l 0 00z 00y 009 008 000
L L B B s B R B T T T
Ol
lv) o (=)
m m ﬁ
3 3 3
T I X 02
z z z
m n il
T m m oe
— - —
oy

1333 NI HLd3Q

1334 NI HLJ3a




1I90+00

o ox
z
<
@
8 gt )
o NG Z
S =9 o)
8? Agg? P —
Yo _thcg o 5
© 4 v -
- 14
o Jow O ul
o< <
188 S 7
z” 20 (n
R w o
NTeTR § §g og &
i o O
MR 8 85 t gz D:
=} =] w O O )
L5 a4 o
rE o >
ot 5 g E =
5 E G [§]
g Yo 5 -
- ] —r - ox T8 E W wooQ
s‘.a‘]_e—m'_“‘____n_____:;g ?’-F—"e\ 1z L0 @ W
EEE:?F’ o~ °i§ F gLy e w QO
— o, ]
AT =] 3 o m 9 5 -
b 185 o T PR wl
N NG Zl - 0w «
[} Tg 8 20 e b >
80 s0 o - o .
43+ 83+ 4 ¢ g Zw
I"e “Eo §83 =t
1" -2 < LB gy
o
{3 8i<  r:r 3t
wh 0O 0 g z&
) h 9 0 g zE&
B z 9 9 g
1 = P —| =
o W W w =0
148 83 > > > 8F
1o oz
] =
18 32 U
§ 8 & ¢ ° =
1334 NI Hld3a
o o
R g
©
= [=]
<
8y 8?
<= <
~ o
g 8 <
©o
n =
H 0
8 8
@© o]
o
- 8 S
o o o o) o of o
< (u] N - < M
1334 NI HLd3a 1334 N
[] (=] T
N ]
o
o o =
S
« Q ]
o (=
o0 o 1
8 8¥ i
‘1‘+ <
© (o] 1
1 © (=] .
(=]
< <
b g
0 0
8 8
L] @
2 8 v 1 P
£6 | i6
° N § 3 e o

1334 NI HLJ3a

1334 NI HLd30

1334 NI Hld3d

PLAN A MODEL UNDISTORTED

FROM STA 68+00 TO STA

800 600 400 200 5}
DISTANCE IN FEET FROM RIGHT BANK
STA 190+00

1000

(o}

200

400
DISTANCE IN FEET FROM RIGHT BANK

800 600
STA 170400

1000

Plate 22




€ NOILYOLSId 130N Vv NVd

00+¥9 V1S 00+09 VIS
YMNVYB LHOIH WOH4 L334 NI 3DONVLSI WNVE LHOIY WOHd 1334 NI 3DNVLSI
00++9 VIS OL 00+0lI VIS WOYHd
SNOILDIS SSOND ALIDOT3A ] 002 00 009 008 ooom 0 002  00r 009 008 000
AT TN T T T . : -
A .
A a
3 ‘% ‘6 am“fn//c
NOILYOLSId 13JOW 40 LD3443 ‘ v %o
608 IMD )
m
T
‘3dALOLOMd OL 0z T
03483438 SNOILVLS ONY SNOISNINIQ 5
3dALOLOME D3S/L4 01 MOT3I8 ALIDCTI3A [ ] -
-10¢ m
IdALOLOEd DIS/L4 €1 OL O WoWd ALDOT3A [17] m
3dALOLOMd D3S/L4 €1 3A08Y ALIDO3A A
R ov
aN39371
00+9G V1S 00+2S VLS
YNYE LHOIH WOWd 1334 NI 3ONVLSIO HWNVE LHO WOM4 1334 NI 3DNVLSIO
0 002 00v_ 009 _ 008 000! o 00 00F 009 008 _ 000l
009 008 000} A SRR e (-
M N NNNS/AN
b o/ feon
o e o o
m m m
] o Rl
— - -
I I I
- ] —_ _
z z z
m m m
m m m
m m m
B = -
| Nle
00+0% V1S 00+0€ V1S 0040l vliS
00y 009 008 000l 009 0 002  00F 00 008 000!
[ o T 1 ! [ ! (AY:ae a5 LY, 282 RRa8i 58 =7 0
o Q Q
m m m
'l T o
S B -
I I I
z z z
4.. m m
m m m
m m m
= - B

Plate 23

1334 NI HLd3Q

1335 NI HLd3d

1333 NI HLd3Q




€ NOILY4O1SId 13dOnW Vv NVd
00+06]1 V1S OL 00+89 VLS WOHd

SNOILD3S SSOdD ALIDOT3A

NOILHOLSId 13d0W 40 123443
608 IMm?D

'3dAL010¥d Ol
Q3883438 SNOILVLS JNV SNOISN3WIC

IdALOLOMd D3S/L4 01 MOT3B ALIDOT3A |

ey

3dALOLOHE D3S/L4 €1 OL 01 WOM4 ALDOI3A [ |
3dALOLOYE D3S/L4 €1 3A0BY ALIDOT3A M4

aN3931

00+0G| V1S 00+0€1 VLS

MNYE LHOIY WOMH L334 NI 3DNVLSIO
i 005 008 000

9]

1334 NI H1d3d

00+08 VLS
0 002 0Oy DUI 008 000l

1334 NI HLd30

(qu._.IO_IEOmuFMM¢Z_w.UZ(._rme
_ ooz 0or 008  0O¢

1334 NI Hld3d

1334 NI H1d30

00+061 V1S
MNYE LHOIY WNOH4 L334 NI 3DNVLSIQ

1334 NI H1d3d

1334 NI HLd3Q

1334 NI HLd3Q

00+0Ll VIS
WNVE LHOIM WOM4 1334 NI 3ONVLSId
oor 009

00+06 V1S

00¥

00+89 V1S
ooy 008

0001

o]

[o]}

oz

o€

o

1334 NI HL1d3d

NI H1d3d

1334

1334 NI HLdH30

Plate 24



t  NOILYOLSId T13dOW Vv NVd 00++9 VLS 00409 V1S

00479 VIS OL 00401 VIS WOHH MNVE LHOIY WOH4 1334 NI 3DNVLSIQ SNVE LHOIY WOY4 1334 NI 3INVLSIQ
00% 00 008 000 ) 00Z 00¢ 009 008 000
SNOILD3S SS0OYHD ALIDOT3A T "0 \rx_ 1 T g0
B . V‘ A x 01 £E'6 06 ge
4 | S
NOILH¥OLSI T3dOW 40 123443 ~_lol
608 1MD I
| m
: iy
34ALOLO¥d OL o N ooz T
Q35HI438 SNOILVLS ONY SNOISNIWIQ : _
— - Z
I4ALOLONd D3S/L4 O MOT3I8 ALIDOTIA [ .
—— m
3dALOLOYd D3S/L4 €1 OL OI Wod4 ALD013A [ m
3dALOLONG D3S/L4 €1 3A08Y ALIDONIA
dN39371
00+ 9G V1S 00+2G6 V1S
MNVE LHOIY WOWS 1334 NI 3DNVLSIQ WNYE LHOIY WOH4 1334 NI 3ONVLSI] 00+¥¥ Vis
0 00¢_ 00y 00§ 008 0001 0 Q07 008 008 000 oy 009 008 000
4,/ ] - /&/n/ .u.»m»
=) Q o
m m m
el o o
4 b S
T I I
z z z
n n o
m m m
m m m
Bl = -
4 00 +0¥% viS 00+0€ V1S 00+02 V1S
00 003 008 00O 00z 0o¥ 008 000l 0 00Z  00v 009 o
LT T —r e T T TS T T g T T .
- s v ee 20 77 num
ol 0l ol
: o o =]
m m m
bl 0 d
4 3 -
ioz T joz 1 oz T
z : z z
l l o il
og m joe m oe f
= ~ =
ov Jor (How
\a—\ 58 o.m\m|o/w d

Plate 25

1334 NI HLd3a

1334 NI HLd3a

1334 NI HLd3Q




¥ NOILYOLlSId T3AONW ¥ NVd
00+061 VLS OL 00+89 VLS WOH4

SNOILD3S SSO¥D ALIDOT3A

NOILHO1SI1d 1300 40 123443
608 IMD

3dALO10¥d OL

Q3843438 SNOILYLS ONV SNOISN3WIQ
3dALOLOMd 23S/L4 OI MOT38 ALIDOT3IA
3dALOLOYd D3S/L4 €1 OL OI Wodd ALD0T3A [ 1]
34ALOLO¥d D3S/L4 €1 3A08Y ALIDON3A V777

aN3D237
00+0G! V1S 00+0€1 V1S
MNVE LHOIY Wodd L3 UNVE LHO WOHd L334 NI 3ONVLSID
o 002  00v ) oor 00 000!

” .v,%p\‘,
/

v g
\\\J

e

Hld3d

1334 NI

00+08 V1S 00+9L V1S
0 002  00v Ou3 008 000l 002 00r 003  00B 000

=]

9\,:\:
—
TN

-~y
O
L

06—

L]

1334 NI HLE30
. m"\\

//'/“u _

./
,"05‘31 ¥
e

s

e
<

H1ld3d

1334 NI

1334 NI H143a

00+061 V1S 00+0L1 V1S
MNVYE LHOIY WOd4 L334 NI 3DNVLSIQ MNVE LHOIY WOYd 1334 NI 3ONVLSIA
) 002 00 009 008 000! s} 002  00F 009 008 000!

0

0 —T T T
g «
|

(=]

102

=) o
o] I\
1334 NI HLd3Q

|
Q

ol

o]
m
L]
—~
I » 02
z
m
o o€
4
or
9 +IL VIS . \( 00+89 V1S
ooy ona g - ooz 00 009 008 kooom
o]}
[9)
m
el
—
T oz
z
m
m | 0€
—

1334 NI Hid3a

1334 NI HL1d3Q

1334 NI H1d3Q

Plate 26



9 NOILHOLlSId T13dOW ¥V NVTd
00++¥9 VIS OL 00+0l VIS WOHA

SNOILD3S SSO¥D ALIDOT3A

NOILHOLSIJ 1300W 40 123443
608 ImD

00+¥9 V1S

MNVE LHOId WOd4 1334 NI 30NVLSId
002

00t 009
LA

00+09 V1S

oov

MNVE LHOIY WOYd4 1334 NI 3DNvLsId

Q
m
o
'3dAL010M¥d OL 7
Q3443438 SNOILYLS ONY SNOISNIWIQ _
z
3dAL0L0Ed 23S/L4 01 MOT3B ALDOT3A [ -
3dALOLOY¥d D3S/L4 €1 OL Ol Wodd ALDOT3A [ 7] m
3dA10LOHd D3S/L4 €1 3A0BY ALIDOT3AN A
aN3937
00+ 99 V1S 00+2S VIS
Y¥NVE LHOW WOYd4 1334 NI 3ONVLSIa YWNVE LHOI WOHd 1334 NI 3ONVLSID
0 00z 00v 009 008 000! 0oy
P ”/n
Q =) Q
3 4 5
I T T
z z z
n n m
m m m
m m m
= B =
Qo
3 ; g
= 4
T T T
z z z
m m m
m m m
m m m
- = =

00+0!1 VLS

00 009 00

;rmmmm-. ;

009 008 00Ol

R o

280, o

26

000!
—= 0
0l

02

4 oe

1334 NI HLd3d

1334 NI HLd3d

1334 NI H1Ld3a

Plate 27




9 NOILYOLSId 130N ¥V NVd
00+061 V1S OL O0+89 VIS WOd4

SNOILD3IS SSO¥D ALIDOT3A

NOILHOLSIO 13J0W 40 123443
608 IMD

3dALOLOHd CL

03443434 SNOILVLS ONY SNOISNIWIQ

3dALOLONd D3S/L4 01 MOT38 ALIDCIIA
3dAL0108d D3IS/L4 €1 OL O WOH3 ALDOT3A |
3dALOLOMd D3S/L4 €1 IA0BY ALIDONZA 2

aN3937

00406 VLS
HMNVE LHOIY WOd4 L334 NI 3DNVLSIO

00+0€| V1S

MNYE LHOIHd WOYd4 L334 NI 3ONVLSIA
009

0oz 008 000!

1334 NI H1d3Q

.

7 ...\.\\..\\\“\\\\ / ”

Hld3d

?
\\\\\x

1334 NI

1334 NI H1d3d

1334 NI H1d3Q

00+06I1 V1S
WNYE LHOH WOH4 1334 NI 3DNVLSIA
0 009 008 000
o 5 e v

00+0ll ¥lLS
009

oos

1334 NI HLd3a

NI H1d3d

1334

L1334 NI HLd3d

00+0Ll VIS

MNVYE LHOIH WOH4 1334 NI 3ONVLSIa
000!
30

009

008

00+89 VIS
ooy 009 008 00O
.m“‘u_JJ,?; .@

T o,

o]}
Yoz

11 0€

1334 NI HLd3Q 1334 NI HLd43aQ

1334 NI H1d3d

Plate 28



STA 40+00

.

- -

i \\h

—80 8.4
- BOO

.
‘o

87
400
DISTANCE IN FEET FROM RIGHT BANK

N
1000

1334

NI H1d3Q

STA 30+00

0

200

IN FEET FROM RIGHT BANK

STA 52+00

600

DISTANCE

400

600
STA 20+00

800

1334 NI

(o]
[y

1333 NI HLd3a

1334 NI HLd3d

STA 48+00

STA 44+00

STA 56+00

LEGEND

Y7/ VELOCITY ABOVE 13 FT/SEC PROTOTYPE

| VELOCITY FROM 10 TO 13 FT/SEC PROTOTYPE

T VELOCITY BELOW 10 FT/SEC PROTOTYPE

DIMENSIONS AND STATIONS REFERRED

TO PROTOTYPE.

1334 NI

1334 NI

cwl 809
EFFECT OF MODEL DISTORTION

H1d3G

H1d34a

Q S°
+
C ¥z
- €0
l_
i
25
oY
gr—o
(@]
e od
()
UQO
> >
E o«
O h<
o)
_|§§
I.IJC)_I
> &g
Q
(o]
+
<
o
<
[7)]

600 400
DISTANCE IN FEET FROM RIGHT BANK
STA 60+00

800

1000

Plate 29



8 NOILYOLSId T3d0ONW ¥V NVd

00+06lI

V1lS OL 00+89 VIS WOYH4

SNOILD3IS SSO¥D ALIDOT3A

NOILHOLSIQ T7300W 40 123443

608 IMm?D
3dALOLOMd OL
038Y3434 SNOILVLS ONY SNOISNIWIQ
39A10108d 23S/L4 01 mO138 ALDON3A | ]
34ALOLOWE D3IS/L4 €1 OL OI WOoHd ALDOT3IA [
394101084 23S/L4 €1 3A08BY ALIDON3N PR
aN3D37
00+0¢9] V1S 00+0€l V1S
YNVE LHOM WOBd 1334 NI 3DONVLSIQ MNYE LHOM WOH4 L334 NI 3ONVLSIQ
0 00z 00v 009 _ 008 000!

AT =T " mi

E9 o.n Le-

%

1334 NI H1d3d

1333 NI H1d3d

00+061 V1S
WNVE LHOIE WOd4 1334 NI 3DNVLSIC
s} 002 00¥ 008

00+0lIl v1s

1334 NI Hild3d

o] 00z oo¥

009 008 _ 000!

1334 NI H1d3d

9Ir+IL VIS
009

Hld3d

1334 NI

Hid3d

1333 NI

1334 NI HLd3d

00+0LI VLS
YMNYE LHOIY WOHd 1334 NI 3ONVLSIA
0 ooz

008 008 Q00!

00489 VIS

003 008 000
_ 008 00
€6 ._anfcolnq
~

301

4oz

jog

ov

1334 NI HLd3d 1334 NI HLd3Q

1334 NI HLd3a

Plate 30




Ol NOILYOLlSId T3d0ON Vv NVd

00++9 VLS 00+09 V1S
00+ #9 VIS OLO0O+ Ol VLS WOYHH WNVE LHOIH WOH4 1334 NI 39NVLSIa MNVE LHOIY WOHS 1333 NI 3ONVLSIA
0 002 00F 009 008 000 0 00z ©00F 009 008 000!
SNOILD3S SSO¥D ALIDOT3A B ° T v ke o 30
-7
NOILHOLSIO 1300W 40 LD3443 ol
608 IMD =]
m
o
—
"3dAL010¥d OL 10z T
03843438 SNOILVLS ANV SNOISNIWIQ =
3dA10108d D3S/14 O MOTI8 ALDOTIA | ]
— o€ o
3I4ALOLO¥d D3S/L4 €1 OL Ol Wo¥3 ALDOT3A [ 1] -
3dALOLOHd 23S/L4 €1 3A08Y ALIDOTIN ZZZ e
L Aov
aN393T
00+ 9SG VLS 00+2S V1S
YNVE LHOIY WOds L334 NI 3DNVLSIa UNYE LHOIY WOdd L334 NI 3DONVLSIQ
0 00z _00r 009 _ 008 000 O, Q02 00V 009 ‘oomf‘o.ooh_u
ol
o Q Q
% i 3
=
W_ 02 I W_
z z z
m m mn
m m m
m m m
- e -
o
00+0€ V1S 00+02 V1S 00+01 V1S
o 002 00F 009 008 000l 0 002 00F 009 008 000! 0 002 00y 009 008 000l 0 00Z 00r 009 008 000l
3 . 1 - [o] VA AR o ~® O
L3 gL 2
I al [o]]
2 R -
h el 0 4
] ~ = :
I 2 I oz T o4
z z z
H ul m
m € m oe O jo0€e
- —~ —
.\Mov o ov

Plate 31

1334 NI H1d3a

1334 NI HLd3Q

NI HLd43d

1334




Ol NOILHOLSId 13d0W ¥ NV'd
00+06] V1S OL 00+ 89 VIS WOHA

SNOILD3S SSO¥D ALIDOT3A

NOILYOLSId 130d0W 40 123443
608 1MmD

3d4AL010dd OL
J384¥3434 SNOILVLS ANV SNOISN3WIQ

3dALOLOHE D3S/L4 01 MOT38 ALIDOI3A |
34ALOLOMd D3S/L4 €1 OL 01 WO¥S ALIDOT3A [F
3dALOLOYd 23S/L4 €1 3A08Y ALIDON3A D

00+06!

viS

MNVE LHOIY WOd4 1334 NI 3DNVLSIO
009 008

0 002 ooy

000!

o

0

YERER]
00+0SI V1S 00+ OFl V1S
MNYE LHOIM WOWS L1334 NI 3ONVLSIa MNVE LHONM WON4 1334 NI 3DNVLSIa 00+0ll VIS
[¢] 002 o0t 009 008 Q001 o] Q02 (o]0} 008 Qog
- T ; i e = = i = S
. y T L

;
o

T
7 T
z z
- il
m m
0 g

— P
00+9.L VIS 9'l¥ + 1L V1S
~ 00r 009 oor  00@

Q Q
m m
h) h)
= -
I I
z z
m m
m m
m m
— -

1334 NI HLd3d

1334 NI H1d3Q

NI HLd3d

1334

00+0L1 VIS

MNVE LHOIY WOH4 1334 NI 3DONVLSIO

0 ooz [elo)4 009

008

Q00!

L

00+89 VIS
o0z oov

009

1334 NI H1d30 1334 NI H1d3d

1335 NI HLd3d

Plate 32



00+02 NOILY1S

¥ NY1d

SNOILD3S SSOHD ALIDOT3IA

NOILHOLSIO TITOW 40 123443

MO L0 LSIC-0L

MO LHO LS
o ooz ]

1334 NI HIA3A

LIFS M mLE30

R L L1
) 008 o0R

Q00N

NIILEOLSKEE

Op

4333 NI HLgE]

L1334 NI HL43Q

WOILE0 LSS

R S.U _UOQ_ N

HO! 015100
o0z 00v 08

Ll

e

Ol

LEF4 NI HLEDD

1334 NI HL430

Plate 33



00+0% NOILYLS
¥ NV'1d
SNOILD3IS SSOHD ALIDOTIA

NOILY01S1ad 13d0O 40 103443

k -C
NOILEO 1S (-0 NOILHDLSIGE 5 hes wooh.Eoww_wm( S i
0 002 00¢ 008 008 000! 0 002 00r 009 008  OCO , !
o - " ¥ . 9
ol
ol :
] b
3 = oz
oz I X
z z
ﬁ m og
o [ m
o —
/ oy
Hov
NOILYCLSITH NOILETLSIOE MCI1H01SI0D
o 002 00v 009 008 00Ol o] 002 COv 009 008 00O ) 002 ©0O¢ 009 008 00QI
T LT T T ~ \4JﬂﬁHMW\1ﬁﬁ%U1\WAl4;
: T, A
Ql v ./o_
2 g \\|
o )
— Bl
0z T I / 0z
e L
M Z al
- b \S
cg m oe
m m
ov j &__ ov
o\ &
¥ o %A%

H1d3a

1334 NI

1334 NI HLd3d

Plate 34




00+CS NOILYLS

¥ NY'1d

SNOILD3S SSOHD ALIDOTIA
NOILYO1SId TITOW 40 103443

- NOILAC151d-9
= NOILECLSIC2
NALLADLSIC O . > N YNYE LHOM WOH= 1334 NI 3ONVLSIQ
MNwE LHOIM WOHd L334 NI 3DNvLSId WNvE LHOIH WOYd L334 NI 3ONVLSIO ) 002 00 00§ 008 000!
00% 009 008 0COI o] _Qae (01034 Q09 008 _ 000l T ././, ~_ T il/.nL 0
> T . A.f.\ v m~4 w«..no [RRREIRE 1 T /ﬂo L O o ‘8 \$
:
T
3
7 T
z z
m M
m
3 g
NOILHD LSO+ NOI1HO0LSIa-C NOILHO1SId-0
WNVYE LHOH ANOH4 133= N 3ONVYLSIO WNYE L1HOIY WOHzZ 1334 NI 3DNVLSId MNYE LHDIE WOHZ L13=3 NI 3DNVLSIO
0 002 00y €08 008 000 0 00z 00y  "009 008 000! c__ ] 003 008 000
P T T ]o % N \\../,/ 0 ; 5 TN
i , - S e SO A /AN b
3 te/ /3
n.ﬂf \\ ) .
o 0 p =
m %, fiis "
o T
T T
z z
m m
m m
o =

Plate 35

NI H1d3d

1334

1334 NI H1d3d




00+9G NOILYLS

¥ NVd
SNOILD3S SSOYI ALIDOT3N

MOILHOLSIO 130N 40 123443

MOl L0 LS00
WMYE LHDE NOWd u.um Bkl u..UZ.-_._.m—a

HOILHDLSIT-+

WNYE LHOIE WOHd __.W.w% NI 32NYLSID
e B S

4334 NI Hld3Q

1334 NI HL43D

NOILHO0 15103
HWNYE LHDH I_n.tu L334 NI IDNWLEID

L334 NI H1d430

N2IILHOLSIC-T

WNYE LHOIH WOW4 L334 NI IDNVLSIO
o __Boz__ oov_ "o0s 06§ 000

H.,-.JY..-_ I b= |

e,
T

[+]]

JOLLLLELEOIE __,.r"{
e
W
J
. LTI
=1
EH
1334 NI HL434Q

HOILHOLS10-D
WNYE LHOE WO 1334 M0 30MYLSD

0 Loz 00y 00% 008 o000l

HOILHO LSO
MMNwE LHDIH E..ORE L334 M 3INwLSID

08 008 000!

4334 NI Hld3Q

1334 NI HL&30

Plate 36



00+09 NOILVY1S

v NY'1d

SNOILD3S SSOHO ALIDOTIA
NOILY¥O1S1d 73O 40 103443

NOILH0_S1d-0L
WNYE LHOIY WOYd4 1334 NI 32NYLSId
0 002 00t 009 008 Q00!
: ko res | e s ke oy 0
. op

o
n
1334 NI H143a

NI LdOL1SITF
MNYE LHOIY WOYd 1334 NI 3DNVLSID
0 002 cov [oe]<} Q08 QQ0|
T T o]

€8 LX) ee |

1334 NI H1d34a

MNYE
o]

MNvg
0

ooz

NOILHOLSIa-8
LHOIE WOH4 1334 NI 3ONVLSIO
oov 009 008

NOILHCLSI0-¢
1HOIY WOH4 1332 NI 3ONVLSId

Q001
10

or

000!

0od0r 009 008
LML B = o o

T

o]

Hid3a

1334 NI

1334 NI H1d3d

NOILHOLS1a9
YNVE LHOIH WOBd4 1334 NI 3ONVLSIA
o] 0oe Q0w 008 jolel=3 [e]e]e]]
T T T Q
n./nfful.n/uw. !
~

NOI_4CLS13-0

MNYE LHOIY WOH4 1335 NI 3ONVLSIO

Q001

o] ooz cov 009 ooe

10
Yo
oz
10E

ov

Hld 30

1334 NI

1334 NI H1d3Q0

Plate 37



00+¥9 NOILVLS
¥ NY'ld

NOILH0L31d-0)
MNVE LHOH WOY4 L334 NI 3DNVLSIQ

0 ooe oov Q09 [o]8]*] Q00!
ve | e .{n,qﬂ o
o
m
o
-
I
z
n
m
m
~
MNOILHOLSIa-F
WNYE LEOIY WOH4d L334 NI 3DNVISIC
002 Qo¥ 009 Q08 Q00!
Tl T T T T 1 T T 0
5 66 My/.h 9 n
0l
Q
m
T
—
02 I
z
n
ot
—
or

SNOILD3IS SSOHD ALIODOTIA
NOILYOLSIa 13A0N 40 103443

MOl LHOLSIa-2
WNYE _HIld WOd4 L334 NI 3ONYLSIA
(¢} ) 002 20 oce 08 000l

NOILHOLSIa-Z
WNVE LHOIH WOW4 1334 NI 3ONVLISIA

] oog cov 008 008 Q00!

77T . TS T T T T T T

oz

0

ol

ot

ov

H1d3G

4334 NI

HLld3d

1334 NI

NOILHC1313-9
WNYE LHDIH Wodd4 L334 NI 3DNvVLsSIa
o] 002 Qo co9 008 000l

68 ffm_fnla_u Hu
&
/o_

P
53,085

w

L RO

02

=

NOILH01S a0
WNVE L4210 WOd4 1334 NI IONvLSIQ
0 ooz 00v 008 008 0001
T ST T =TT

H1ld3d

1334 NI

1334 NI HId43a

Plate 38



(%2}
z O
O F
£ O
04
9 L
. o W 8
e ) +
g g S <E
= 5 n =z
5 b Q<3
b Q g 1
s 2 o<
< [ [
o] w
e
Q=
L Q
mR®)
—
1334 NI HLd3Q w
T
\\\ k:\\ \
= “\x.:-‘e}\?&\\?\‘\ 88
2 oA Ep=:
& e
% (=]
b Sl
(] gu
D T
("‘l (an]
@
o
s
=]
1334 NI HLd3Q T —
o
g
\\ \\.\.\\\\ '\\
¢ R \\\\'\\
8 = \\.\\k\\\\x\%\\\\ NN é
T o :
o ]
8r I
& a
&
g
o
o
=]

1334 NI HLd43d
1334 NI HLd3a

Plate 39



1334 NI HLd3d

1334 NI HLd3d

D0 AN0 LU0
4-DISTCRTION

ou

800

1000

P T |

(] o]
L] N

1334 NI HLd34

o]

400

600
2CISTORTION

600 400 200

0-DISTORTION

800

1000

1334 NI HLdJ3a

1334 NI H1430

1334 NI HLd3Q

10-DISTORTION

SDISTORTION

G-DISTORTION

EFFECT OF MODEL DISTORTION
VELOCITY CROSS SECTIONS

PLAN A
STATION 71+41 6

Plate 40




1334 NI HLd3Q

i
R
AR
AN
\\\%\W%‘%“ \
S R S
AN T D
o
"y

1334 NI HL43A

a R

LIS NI H LAWY

o

b
| IS B
BOO &S00 400

S

4]
Lageli]

ZRTICH

LLIST

2-DISTORTION

MWHETORTION

40

1334 NI HLdJ3Q

[e]
™

1333 NI

dddd Wi

(o]
o

Hid3a

=Ldatl

10-DISTOSTION

CRTION

§LCIST

GO STOSTION

EFFECT OF MODEL DISTORTION

VELOCITY CROSS SECTIONS

PLAN A
STATION 90+00

Plate 41



00+0€L NOILVLS
v NY'ld

SNOILD3S SSOHI ALIDOTAA

NOILH 01510 13d0I 40 103443

NCI1401S13-01

YNYE LH9IH WOdd L334 NI 3ONVLSIA

] oo2 0oy 009 0¢8 Q00|

ke 0w et ve— ga Pa 6 o
: y

ol

o
N
1334 NI H1id30

ov
|
MOILAC ISI0-F

MNYE LHOH WOH4 L334 NI 3ONVYLSIA
0 00Z  00p D09 00U 00O
I

(=]

m

bl

-

oz I

z

.

oc M

—
or

NOILHO1S5138

WNVE LHOIH WOHd L334 NI 3DNVLSIa
Q 00c 00r 009 008 000
T — =0

01

02

ot

NOILHOLSI0E
MNYE L4914 WOHA L334 NI 3DONVLSIC
00z~ 0Ov  CO9 . 008  COO!
7 .

5

1334 NI H1g30

1334 NI H1d3a

NCILHO1SIaS
MNYE LHOIH WOHd4 1334 NI 3DONvLSId
3\,\ ,nwm_m [elo} 4
m‘mor\n.\v\aﬂ
\\a..\ o
/
i

oF

WNGILHC LT

YNVE LHOIH WOHS L334 NI 3DONVLSIQ
002 0¥ 009 [o]]:] DOunr

1334 NI H1d3Q

1334 NI H1d43a

Plate 42



00+061L NOILVLS

V¥ NY1d

SNOILD3S SSOHD ALIDOTAA

NOIL40OL1s1d 13dOW 40 123443

NOILHC1SI1d-0L
MNVE LHDId WOH4 L334 NI 32NVLSId
0 oez Cov 009 008 000!

x - S e
bs \A\m.n_\ﬂ s de e be©

v ,
% 6
L i ,/
oy islol

//

Ft/

P,

NOILHOLSIT-F

HMNVYE LHOIH WOH4 L334 NI 3DNVYLSId

009
=TT

1334 NI HLd3d

H1d3d

1334 N1

NOILHOLSId-8

YMNVYE LHOIH WOd4 L334 NI 3DNVLSIQ

o] 002  0O¥ 008 00

NOILHOLSIT-Z

MNVYE LHOIH wWodd 1334 NI 3DNVLSIa
oov 009

000l

o}

1334 NI H1d3d

1334 NI HLd3Q

NOILHC 18103

MNYE LHOIE WOHH4 1334 NI 3DNvLSId
elou) [vled 4 009 oo8

NOILAOLZIT-0
WNVE LHOIH WOMd4 L334 NI 3DNVLSIA
o] 002 00r 009 008 000l

LI I L B e T T 110
\.\J 06 %
&

1334 NI H1d34

1334 NI H1d3Q

Plate 43



| 1S3L V Nv'd Z10°'0 9, 8,Bupuusy[_© “ ﬂpo_.___
SNOILLO3MIQ LNIHHND NO riey :
NOILHOLSId 30 103443 ALDOTGA] WRLHIA
HOLLHOLSI 1300/ 40 5103443 SOIlvY Jivas
[T
I HALNID TENMYHD ONOTY SHOLLYLS L4-001
oo?..a_nm 00+ 092 O0+0F2 o0+022 00+ 002 OO+ O
o0F 1
008 T YT ——
o021 NOLLDOL S & — i
001 - %1‘. |IT|.|.||_|.|.[IIII.
*Hn. NOIHO IO F—F 1
0002
3MT HALNTD TEINNYHD ONOTY SHDILYAS L4-001
aoo +0u2 004092 00 + 02 00+022 00+ 00Z 00 + O
O
008 NOIHOISG & —1— —
i
ool L Illlamhdguﬁl.thuillllllll
WALHOIS F—
0002
3N HIINTD TINNYHD ONOTY SNOLLYLS 14-DO01
uaatunm 00+ 092 00+0w2 0O+022 00+ 002 D040 004+ 0 004+ 0wl
o
aov ’ MNOULHOLIET O——

o008 T T e — iil;-lulllpl;llnl..l -IIIII\lllllll

—_—— : - NOIOISA & ——
—WOLHOLS F—

§88
’5‘3_3
o R

g g

Plate 44



:‘
g
g

2 1S31 V NYd 2100 9, 8, upuuen—

SNOLLD3YIA LN3HHUND NO
NOILYOLSIO 40 103443

HOLLHOLSK] T300M 40 5133443

-
e

00+ 09
o
0w
oo
ool
oo
000

08 IMD
T HALNTD TIMNNYHD OMOTY SHOLLYILS Ld4-000
ng._.uem 00+ 002 00 +0w2
oo
o0e
0021 e
. . T ——
o0
OO0
I HALNED TINNYHD ONOTY SNOLLYLS L 4-001
00 4082 o0+ 082 OO +0rE oO+0Z2 00+ 00T OO+ O

I HALNTD TINNYHD ONOTY SHOLLYLS Li4-004

00+ 082 004092 00+0rE 00+022 00 +00Z 00+ 0% OO+ O n_n_+__m!
o
R
o nrinul...f.II..I..|_.|.d_”..11.__..ﬂ.ﬁ..._EE..|LF| — S
ooR NI F—— ]
ooz |—————— = e T ]
o0 T T

Plate 45




E 1S31L ¥ NYd 210°0 9, 8 , ButuueR n" n% ” oo¥ ¥ EEiuszhﬂn
N - o m [ ] m
SNOILO3MIA LIN3HYND NO [riw T} ooF g 8, § 838 8
NOILHO1SIQ 40 123443 ALDOTIA

NOLLHOLSK] T300M 40 SL03443

S08 1M
I HALNTD TINNYHD ONOTY SNOLIWLS 14— 00
o3+2m 00 + 002 DO+OFE DO +022 00+ 002
oo
009
OO -+ s _—
009l
0002
I HILNTD TINNYHD DNOTY SHOLLYLS 1 d- 001
cafaam 00 4082 00+ 0¥ 004022 004002 00 +0®
oor
ooe
— —_— 2 — — i —
ooz
009 | — s -
0002
3087 HILNTD TINNYHD OMOTY SMOLLVLS L 4- 004
93+S~ 00 +082 00 +0¥2 00+022 00+ 002 00+ 091
oov
200 e+ i e 1 e« e, VO SO ST O o — ——
0021 e NOLIMOISII S 1 g
o -— ——Twouwoismar—t .
oo WOIBO.SI0 F—T
0002

Plate 46



L 1S31 ¥ Nvd
SNOILLO3HIA LN3YHND NO
HLd3Q ONIAYVA 40 LD3443

Nﬁﬁ.—.s_ﬂ t..ﬂt ﬂ-g

JuUelsud L3700TaA

%M

NOLLHOLSM TI00M 40 SLo3443 SOUVY T Ivs
809 M3
I HLUNTD TINNYHD ONOTY SHOLLYLS 14-001
00+ 00E 00+092 00+ 082 00 +0F2 004022 00+ 002 00 + 081 00+ 0N 00+ 0
o o
2w
e, et HL.
- ﬁql.ﬂﬂ.".v. — |hT:|..I..I..I...”.r.-qu:I.. Hm
| ] [ Wﬂ
002
—— - — -
]
o0 P — Mm
O
INCT HALNTD TINNVHD ONOTY SHOILYLS Ld- 000
SO0H00s 004092 00+ 082 00 +0¥2 00+022 00+ 002 00+ 0w
-
| 1 mm
[ele) =
o e T i St i Sttt s
S e S -~ T e m
ooet | —— — e —s g
0091 71— m
i
0002
. T HILNTD TINNYHD ONOTY SNOLLYLS 14001
GE*SM 00 +00E O 4 D92 00 40 Q04+ 022 04 D02 4 O
T T —r——Terr——— r———— e E—————
oor ¥=r. ]
- e e S S ———
- S S —— — — =
[ — —t s —
] T or—
o091 “
0002

Plate 47



ZI0°0 .u, s ,butuueyn

8 1S31L V Nvd juejsuod yizdeq

[+," B 00 [ [\
wnﬂ.m ?..._ o0v e
SNOILLO3NIA LN34SND NO — 15 o2
ALPDCTIA | TWIRLHIA| TV
ALIDOT3A ONIANVA 40 1D3443 LNGZRIOH | N5
NOLLHOLSYX) TI0OM 40 $153443 SOLVY 31vo5
808 IMD
AN HIUNTD TINNYHD ONOTY SNOLLYLS 14-001
00 +00€ 00 +082 00+ 082 00+0FP2 oo+022 00+ 002 00 +08 00+ O 0040t

INITT HAANGD TENNVHD ONOTY SNOLLVLS 13- 001

00+082 004+0¥2 004022 00+002 00+ 0% 00409 00+0W!
o -
232
oov nm
=
008 2n
0021 nuw Az
b e e s W..._
009 p—rm—i o= m
- T £
0002
3N HELNTD TINNVHD ONOTY SNOLLYLS 14-00!
00+00€ 004092 00+082 004+0¥2 00+022 004002
0 mo
34
2
)
wn
4z
o
£0

LHOIY Wou3d
WNVYE SONYLSIA

1334 N

Plate 48



¥ 1S31L V NVd

SNOILD3HIg LN3HHND NO
NOILYOLSIQ 40 103443

NOILHQLSKD T300N 40 S1O3443

ms.o _-.gn Q-g

Plate 49

gL

b

ANITT H3ANID TINNWHD ONOTY SNOILVLS 14-001

60R% IMD

00+ 092

00+092
N SR - 77272 ¥ et
NO/LYOLSIT E—
NOVLYOLSKT & —]

o0+ 092
| mousorsig 2 —]

AN HALNTD TINNVHD ONOTY SNOILVLS 14-001

3N H3LNID TINNVHD ONOTY SNOILLYLS 14-001

——

WO/ IHO1SHG €— -

L

et ————]
NOILIYO.1SXT Fr—




S 1S3L V NVd ) -
SNOILOFMIA INHUND NO $070 wllu &4 FUTOUSH oottt
NOILLYOLSIA 40 173443

NOLLBOLSKI TIQON 30 S1LI3443
609 1MD

3N HALNTD TINNVHD ONOTY SNOLIVLS 14-001
00+082 00+ 092 00 +0v2 004022 00+ 002 00+ 0%

oor 3
009
oozl ]
‘0091 A
T T T Moisarsio i——%
o002

I HAANID TINNYHD ONOTY SNOILAS L4-001

004092 004092 00+0¥2 00+022 004002 00+ 08t
o
oor
0oe

R SRS S ..~/ £ 1. X = N
002! -

NOLL ¢ — s
(o 0 1] NOLL&OL
0002
3V YILNID TINNVHD ONOTY SNOILVAS 14-00!

a8+ao~ 00+082 o0+0vZ 00+022 004002 00+ 0%t 00+ 09 00+

MYLOLSKT €

NOVLO] 57T T——
NOLHOISIT

¥ WOU3
sia

FONVYL

R S

HIE
|
N
I
|
|
J»
TR

Plate 50



9 1S31 V NVd
SNOILO3YIQ INJYHN

NOILYO1SIa 40 1D3443

NOILLMOLSHD 7300 30 SLO3443

¢20°0 4, 8,3uruusy

M
+|=lo
™)
Slm(B!

2 NO

hd

§
k&
|

SOllvd
600 IMD

N HILNID TINNVHO ONOY SNOLIVLS 14-00)
(00 +082 00+ 082 00+0w2 004022 004002 00+00!
oor
009
002!

NOLLYGLSIT #——,

oo% e e ¢
0002 L

3NN HILNTD TINNVHD ONOV SNOILVLS 1400
00+ 082 00+092 0040t 00+022 00+002 004091 00+ 091
oov +

, ]
o08 +
oot e ] NOIYOUSIG 2L ROUOLNT Pt —t——==
- - —

0o *I NOVLNOLSHD & —1 7 ]
0002

3N MALNID TINNVHD ONOW SNOLLVLS L 4001
[00+082 00+092 00+0v2 004022 004002 004081 00409 00+0tt

Fl
oor
| . S NOILYO 151G & ——

o5 _NOILX = 1. —
oo2i A NPT E - e
0091 NOVLYO1SIE —1
0002

WNYE LHoW NOHd

L334 N 3oNvVLSIA

Plate 51



S20°0 .U, 8, Supuuen
Ol 1S31 Vv Nvd JUE1sUCD LITO0TSA

o2 [ ]IH : [+]
SNOILO3MA LNRUND NO -3 e W a1
ADOTEA| W LH3A [ TWANOZRMOH | INIHOS
HLd3Q ONIAYNVA 40 103443
NOLLHOLSK] T300M 3O S1LO3443 SOUVY I VoS
609 IMD
INT HZINTD TINNVHD ONOTY SNOLLVLS 1 4-00!
00+ 00€ 00+002 004002 00+0rZ 00+022 00+002 00+ 0% 00+ 08l 004 0¥l
o L * Lv] a.m
oor | 1 oor mm
3 4 »
oo i p R m—— mn__-
002 p-—— —— > z
0091 [ o— ' ﬂm
[ £
0002
I WAINGD TINNVHD ONOTY SNOILVLS 13-00)
00+ 00€ 00+092 004092 00+0vZ 00+022 004002 00+ 0%
0 ng
oov &
—_ Gl——y um
Q0% A - - —— g e
T ~—= 3L w
SN- QI\_lu.li.l 1 LN
i -
009! s
, i
0002

I UIANTD TANNVHD ONOW SNOILVLS 1 4-001
+00¢ 004002 004082 0040¥2 004022 00+002

ooo +

oor | ] L 14—, . oov
009 | 4 ; _— Qn____l.h..ullbl_..

ooz | ] ] ] _
o009t | ] ]

WNYE LHOW WOoud
1334 N 3ONVLSID

Plate 52



Plate 53

6 1S31 VNvd S20°0 ,U. s,butuuen B— —
SNOLLOFHA LNFHHND NO aueasuod yadea  [ghiteor
ALIDOTIA ONIAYVA 4O 103443 *20BAl Tl
NOLLHOLSIA TIOON 4O SLI3443 Souva V5
S0R IMD

N HIINTD TENNVHD ONOTY SNOLIYLS 14-004
00+00€ 004082 00+ 082 00 +0we 00+022 00+ 002 00+ 0%t

8
i

¥ WON3

FONVLSKD

sREe’

YNYE LMD
LT3 M

§

oo
ooe
ool : o— [
0002
3N HALNGD TINNVHD ONOTY SNOILLYLS 1400t
00 +00€ 004082 00+ 092 00+0P2Z 00+022 00+ 002 00+0%i
0
oot
- ._r r —
009 —_— =~ J— — ullu.lltmlllllnﬂl..lll
L —- .
ool T v-a— ur«(\“\. !
0091 ’
0002
I HILNTD TINNVHD ONOTY SNOILYLS L 4-001
00+00€  00+082 004002 . 00+0¥2 00+022 00+002 00+ 0%
o
o o S—
o0s | &%
oozl
0091
o002




REPORT DOCUMENTATION PAGE oM e o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington,
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not
display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
July 2005 Final report
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Compilation Report on the Effects of Distortion; From the Writings of John J. Franco

. GRANT NUMBER
and James E. Glover 5b. G u

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Thomas J. Pokrefke, Jr.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

U.S. Army Engineer Research and Development Center

Coastal and Hydraulics Laboratory ERDC/CHL TR-05-3

3909 Halls Ferry Road

Vicksburg, MS 39180-6199

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Engineer Research and Development Center

Coastal and Hydraulics Laboratory
11. SPONSOR/MONITOR’S REPORT
3909 Halls Ferry Road NUMBER(S)

Vicksburg, MS 39180-6199

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

In the 1930s, 1940s, and 1950s, the U.S. Army Engineer Waterways Experiment Station (WES) conducted several series of studies
to investigate the effects of distortion, differing horizontal and vertical scales, on physical model results. This report presents the portion
of those investigation conducted from 1954 to 1961. The results had not been previously published; however, the two WES researchers,
the late Messrs. John J. Franco and the late James E. (Ed) Glover, had prepared various unpublished documents of these investigations.
Therefore, this report is a compilation of those writings and supporting data, as well as this author’s conclusions and applicability of the
effects of distortion investigations to physical, movable-bed models using lightweight bed materials.

The investigations conducted by Franco and Glover involved two specific series of tests. Those series were:

a. Plan A, Series 1. These tests were conducted using distortions of 0, 2, 4, 6, 8, and 10. The horizontal scale used was 1:200 with
subsequent vertical scales of 1:200, 1:100, 1:50, 1:33.33, 1:25, and 1:20, respectively. The tests were conducted following the
Froude criteria to determine the appropriate velocity and discharge scales for these tests.

(Continued)

15. SUBJECT TERMS Fixed-bed model Model distortion
Distorted depth Froude relationships Movable-bed model
Distorted velocity Lightweight bet material
16. SECURITY CLASSIFICATION OF: 17. LIMITATION | 18. NUMBER | 19a. NAME OF RESPONSIBLE

OF ABSTRACT OF PAGES PERSON
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include

area code)
UNCLASSIFIED | UNCLASSIFIED | UNCLASSIFIED 103

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




14. (Concluded)

b. Plan A, Series 2. These tests were conducted using distortion ratios of 0, 2, 3, and 4. The horizontal scale
used was 1:400. This series of tests was conducted somewhat different than Series 1, with the velocity held
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value. Some of these tests were conducted with the Froudian scale relationships not followed to isolate
either velocity or depth of flow impacts.

The results of the two series of tests conducted by Franco and Glover indicate that:

a. Based on the Series 1 tests, the effects of distortion on the results of models of a straight reach are
negligible unless the flow is affected by a bend upstream.

b. Based on the Series 1 tests, flow around bends is affected by model distortion, and the effect extends for a
considerable distance downstream depending upon the amount of distortion.

c. Based on the Series 1 tests, the current directions in models with distortions of 4 and higher and with
curvilinear flow is affected to the degree that the influence extends to the downstream model limits.

d. Based on the Series 2 tests, the currents in a bend would be deflected toward the concave side of the
channel as the linear-scale distortion is increased. The effect of distortion was generally progressive up to a
point where the alignment of the currents was affected or controlled by the wall along the concave side of
the bend. When this point was reached, increasing the distortion appeared to have little effect on the
alignment of the currents.

e. Based on the Series 2 tests, with the same channel roughness, the factors varied as the model was distorted
were velocity and depth. The test results with constant depth and with constant velocity indicated that
changes in the width-depth ratio of the channel was the principal cause of the deviation in the alignment of
currents in a bend.

/- Based on the Series 2 tests, increasing the roughness of the model channel as the distortion was increased
would tend to reduce the effect of distortion. These results also tended to indicate that use of surface
roughness sufficient to entirely overcome the effect of distortion would be impracticable.



